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Ught-controUed Etectrokinetic Assembly of Fkrticles Near Surfaces 

Rdd of fltt lavoitkMi: 

The piesent inveotion geneiaUy relates to the field of materials science and 
analytical chemi^. 

The piesem invention specifically relates to the realization of a complete 
functionaUy integiated system for the implementation of biochemical analysis in a planar' 
miniaturized fonnat on the surface of a conductive and/or photoconducrive substrate with 
applications in phannaceutical and agricultural dn.g discovery and in in-vitio or gemmiic 
diagnostics. In addition, the method and apparatus of the presem invention may be used 
to create material surfaces exhibiting desirable topographical relief and chemical function- 
ahty, and to fabricate surfece-mounted optical elements such as lens anays. 

Background of the Invoition 
15 I -fons. Electric FieWs and Huid How: FieW-inducedFb^ 

Electrdrinesis refers to a chss of phenomena eUcited by the actfon of an 
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electric field on the mobile ions sumxinding charged objects in an electrolyte solution. 
When an object of givra surface charge is immersed in a solution containing ions, a 
diffuse ion cloud fonns to screen the object's surface charge. This arrangement of a layer 
of (immobile) charges associated with an immersed object and the screening cloud of 
5 (mobile) counterions in solution is referred to as a "double layer". In this region of small 
but fmite thickness, the fluid is not electroneutral. Consequently, electric fields acting on 
this region will set in motion ions in the diffuse layer, and these will in turn entrain the 
surrounding fluid. The resulting flow fields reflea the spatial distribution of ionic currmt 
in the fluid. Electroosmosis rq;)resents the simplest example of an electrokinetic 
10 phenomenon. It arises when an electric field is allied parallel to the surface of a sample 
container or electrode exhibiting fixed surface charges, as in the case of a silicon oxide 
electrode (in the range of neutral pH). As counterions in the electrode double layer are 
accelerated by the electric Add, they drag along solvent molecules and set up bulk fluid 
flow. Hiis effect can be very substantial in nanow capillaries and may be used to 
IS advantage to devise fluid pumping systems. 

Electrophoresis is a related phenomenon which refers to the fidd-ind uc ed 
transport of charged particles immersed in an dectrolyte. As with electroosmosis, an 
electric field accelerates mobile ions in the double layer of the partide. If , in contrast to 
the earlier case, the paitide itself is mobile, it will compensate for this fidd-induced 
20 motion of ions (and the resulting ionic current) by movii^ in the opposite direction. 
ElectrD|riioresis plays an important role in industrial coating processes and, along with 
electroosmosis, it is of particular interest in connection with the devdopment of cqiillary 
electro(4K>resis into a mainstay of modm bioanalytical sepanuion technology. 

In confined geometries, such as that of a shallow experimental diamb^ in 
25 the form of a "sandwich' of two planar dectrodes, the surface charge distribution and 
topogrqphy of the bounding electrode sur&ces play a particulariy important role in 
A^mntnmg the natuTC and qutial structure of dectroosmotic flow. Such a ""sandwich" 
dectrochemical cell may be formed by a pair of electrodes separated by a shallow gap. 
Typically, the bottom electrode will be formed by an oxide-capped silicon wafer, while 
30 the other dectrode is formed by optically transparent, conducting indutm tin oxide (TTO). 
The silicon (Si) wafer rq>re5ents a thin slice of a single crystal of silicon which is doped 
to attain suitable levels of electrical conductivity and insulated from the electrolyte solution 
by a thin layer of silicon oxide (SiOx). 

The reversible aggregation of beads into planar aggregates adjacent to an 
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electrode surface may be induced by a (DC or AC) electric field that is applied nonnal. 
to the electrode surface. While the phenomenon has been previously observed in a ceU 
formed by a pair of conductive TTO electrodes (Richetti, Prost and Barois, J. Physique 
Lettr. 45, H137 through L-1143 (1984)), the contents of which arc incoiporated herein 
5 by reference, it has been only recently demonstrated that the underlying attractive 
interaction between beads is mediated by electroldnetic flow (Yeh, Seul and Shiaiman, 
"Assembly of Ordered Colloidal Aggregates by Electric Field Induced Fhiid Flow", 
Nature 386, 57-59 (1997), the contents of which are incoiporated herein by reference, 
niis flow reflects the action of lateral non-uniformities in the spatial distribution of the 

10 current in the vicinity of the electrode. In the simplest case, such non-uniformities are 
introduced by the very presence of a colloidal bead near the electrode as a result of the 
fert that each bead interferes with the motion of ions in the electrolyte. Tims, it has been 
observed that an individual bead, when placed near the electrode suiftce, generates a 
toroidal flow of fluid centered on the bead. Spatial non-unifbrmities in the properties of 

15 *e electrode can also be imroduced deliberately by sevend methods to prod^ 

fluid flow toward regions of low impedance. These methods are described in subsequent 
sections below. 

Particles embedded in the electroldnetic flow are advected regardless of 
their spedSc chemical or biological nature, while simultaneously altering the flow field. 

20 As a resuft, the electric field-induced assembly of planar aggregates and anays applies to 
such diverae particles as: colloidal polymer lattices ("latex beads"), lipid vesicles, whole 
chromosomes, cells and biomolecules including proteins and DNA, as weU as metal or 
semiconductor colloids and clusters. 

Important for the qjpUcations to be described is the feet that the flow- 

25 mediated attractive interaction between beads extends to distances fer exceeding the 
characteristic bead dimension. Planar aggregates are formed iniesponse to an externally 
applied electric field and disassemble when the field is removed. The strength of the 
applied field determines the strength of the attnictive interaction that underiies the ar^^ 
assembly process and thereby selects the specific arrangemem adopted by the beads w^ 

30 thearray. IT>at is, as a function of increasing applied voltage, beads ^ 

aggR^ in which particles are mobile and loosely padced. then assume a tighter 
packing, and finally exhibit a spatial arrangement in the form of a ayslalline, or ordered, 
array resembling a raft of bubbles. The sequence of transitions between states of 
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increasing internal order is reversible, including complete disassembly of planar 
aggregates when the applied voltage is removed. In another arrangement, at low initial 
concentration, beads form small clusters which in turn assume positions within an ordered 
"superstructure". 

5 

n - Patterning of Silicon Oxide Electrode Surfaces 

Electrode patterning in accordance with a predetermined design facilitates 
the quasi-permanrait modification of the electrical impedance of the EIS (Hectrolyte- 
Insulator-Semioonductor) structure of interest here. By ^tially modubting the EIS 
10 impedance, dectrode-patteming determines the ionic current in the vicinity of the 
electrode. Dqieodingontbefrequency of the sqiplieddectric field, beads either seek 
or avoid, r^icms of high ionic current. Spatial patterning therefore conveys explicit 
external control over the placement and shape of bead arrays. 

While patterning may be achieved in many ways, two procedures offer 
15 particular advantages. Krst, UV-mediated re-growth of a thin oxide layer on a prc^rly 
prepared silicon surface is a convmient methodology that avoids photolithographic resist 
patterning and etching. In the presence of oxygen, UV illumination mediates the 
conversion of e?qx)sed silicon into oxide. Specifically, the thickness of the oxide layer 
dq)ends on the ei^sure time and may thus be spatially modulated by placing patterned 
20 masks into the UV illumination path. This modulation in thickness, with typical variations 
of sqyproximately 10 Angstroms, translates into ^tial modulations in the impedance of 
the Si/SiOx int^ace while leaving a flat and chemically homogeneous top surface exposed 
to the electrolyte solution. Second, qiatial modulations in the distribution of the 

dectrode surface charge may be produced by UV-mediated photochemical oxidation of 
25 a suitable chemical q)6cies that is first dqx>sited as a monolayer film on the SiQx surface. 
This method pennits fine control over local features of the electrode double layer and thus 
over the electrddnetic flow. 

A variation of this photoch^cal modulation is the creation of lateral 
gradients in the EIS impedance and hence in the currmt generated in response to the 
30 qyplied electric field. Fbr example, this is readily accomplished by controlling the UV 
exposure so as to introduce a slow lateral variation in the oxide thickness or in the surface 
charge (tensity. As discussed below, control over latml gradients serves to induce lateral 
bead tiansport and facilitates the implementation of such fundamental operations as 
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capturing and chaimelmg of beads to a piedetennined destination along conduits in the 
fonn of impedance featuiBs embedded in the Si/SiOxinteifece. Photochemical patterning 
of functionalized chemical overiaye« also applies to other types of electrode surfaces 
including ITO. 

m - Ught-controlled Modulation of the Interfacial Impedance 

The spatial and tempond modubtion of the HS-impedance in accoidance 
with a pattern of external illumination provides the basis to control the electrokmetic 
forces that mediate bead aggregation. THe light-modubted electioldnetic assembly of 
planar coUoidal arrays facilitates remote interactive control over the formation, pbcemem 
and reanangement of bead arrays in n«ponse to corresponding iU^ 
tiiereby offers a wide nmge of interactive manipulations of colloidal beads and 
biomolecales. 

To understand die principle of this mettwdology , it win be helpful to briefly 
review pertinemphotodectric properties of semiconductors, or more spectf^ those 
of ti« HS structure formed by die Electrolyte solution (E). the Insulating SiOx layer (1) 
and U« Semiconductor (S). Hiephotoelectriccharacteristicsof this structure are closely 
related to those of a standard Metal-fosubtor-Semiconductor (MIS) or 
Metal-Qride-Semicomtactor (MOS) devices which are described in S.M Sze -n,e 
Physicsof Semicowtoctors-. 2ndBdition. Chapt. 7 (Wiley Interscience 1981). ti.e contents 
of which are incorporated henan by reference. 

•n»e interfiice between the semiconductor and tiie insulating oxide layer- 
deserves special attention. Crucial to the understanding of U« electrical response of d« 
MOS structure to light is tf.e concept of a ^ charge region of small but finite tiuckness 
that forms at the Si/SiOxinterfiu«mti,e presence of a bias potential. Inthecaseofti* 
ms structure, an effective bias, in ti« form of a junction potential, is present under aU 
but very special conditions. The «^ charge region forms in response to tire distortion 
of die semiconductor's valence and conduction bands (-band bending-) in the vicinity of 
tiiemterfece. condition m turn r^ du. fact ti«t. while tiiere is a bias potential 
across ti« interfiu*. tiK»e is ideany no charge tramtfer in ti« pre^ 
oxide. ineIectrochemicallanguage.tiieEISst«^ 

Instead, charges of opposite sign aoammlate on ddier side of tiie insulating oxide layer 
and gmaate a finite polarization. 
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In the presence of a levefse bias, the valence and conduction band edges, 
of an n-doped sraiiconductor bend upwaid near the Si/SiQx intecface and elections flow 
out of the inteifacial region in response to the corresponding potential gradient. As a 
result, a majority carrier dq)letion layer is formed in the vicinity of the Si/SiOx interface. 
S Light absorption in the semiconductor provides a mechanism to create electron-hole pairs 
within this region. Provided that they do not instantaneously recombine, electron-hole 
pairs are q)lit by the locally acting electric field, and a corresponding photocunent flows. 
It is this latter effea that affords control over the electrokinetic assembly of beads in the 
electrolyte solution. 

10 To understand in more detail the pertinent frequency dq)endenoe of the 

light-induced modulation of the EIS impedance, two iaqiects of the equivalent circuit 
representing the EIS structure are noteworthy. First, ttusto are dose analogies betwem 
the detailed electrical characteristics of the electric double layer at the electrolyte-oxide 
interface, and the dq>letion layer at the interface between the semiconductor and the 

IS insukitor. As with the double layer, the dq>letion layer exhibits electrical characteristics 
similar to those of a capacitor with a voltage-dependmt capacitance. As discussed, 
illumiiuition serves to lower the impedance of the dq)letion layer. Second, given its 
capacitive electrical re^nse, the oxide layer will pass current only above a characteristic 
("threshold") frequ^y. Consequwxtly, provided that the frequency of the applied voltage 

20 exceeds the threshold, illumination can lower the effective impedance of the mtire EIS 
structure. 

This effective reduction of the EIS impedance also dqpends on the light 
intensity which determines the rate of generation of electron-hole pairs. In the absence 
of significant recombination, the nmjority of photogenerated electrons flow out of the 

25 depletion r^cm and contribute to the photocurmt. Hie rmaining hole charge 
accumulates near the Si/SiQx interface and screras the electric field acting in the dq)letion 
region. As a result, the rate of recombination increases, and the efficiency of 
electron-hole sqiaration, and hrace the photocurrent, decreases. Fbr given values of 
frequmcy and amplitude of the iqpplied voltage, one therefore expects that as the 

30 illumination intmsity increases, the current initially increases to a maximum level and thm 
decreases. Similariy, the impedance initially decreases to a minimum value (at maximum 
current) and then decreases. 

This mtmsity dq)endence may be used to advantage to induce the latml 



wo 97/40385 PCrAJS97/MtS9 

7 

di^lacement of beads between fuUy exposed and paitiaUy masked regions of the interface.. 
As the iUiunination intensity is increased, the fiiUy exposed regions wiU conespond to the 
i^s of interface of lowest impedance, and hence of highest cuirent, and beads will be 
drawn into these regions. As the fully exposed regions reach the state of decreasing 
5 Piwtocuircnt, the effective ms impedance in those n^^ 

masked regions, with a resulting inversion of the lateral gradient in cunent. Beads will 
then be drawn out of the fiiUy exposed regions. AdditionaUy, time-vaiying changes in the 
illumination pattern may be used to effect bead motion. 

10 IV - Integration of Biochemical Analysis in a Miniamrized, Planar Fonnat 

The implementation of assays in a planar array fonnat, paiticulaily in the 
context of biomolecular screeniqg ami medical diagnostics, has the advantage of a high 
d^ of parallelity and automation so as to realize high thioughput in complex, 
multi-step analytical protocols. Miniaturization will result in a decrease in pertinent 

15 n»i^« times reflecting the smaU spatial scale, as wen as in a reduction of requi^ 
sample and reagent volmnes as wen as power requirements. Tte integration of 
biochemical analytical techniques into a miniaturiad system on tiie surface of a planar 
substrate ("chip") would yieM substantial improvements in tfie perfbimance, and reduction 
in cost, of analytical and diagnostic procedures. 
20 witiiin tiie context of DNA manipulation and analysis, initial steps have 

been taken in this direction (i.e., miniaturization) by combining on a glass substiate, tiie 
restriction enzyme treatinem of DNA and die subsequent separation of enzyme digests by 
capiUaiy electrophoresis, see, for example, Ramsey, PCX PubBcation No. WO 96/04547, 
tiie contents of which are incoiporated herein by reference, or tiie ampKfication of DNA 

25 «^uences by appHcation of tiie polymerase chain reaction (PGR) witti subsequert 
electrophoretic separation, see, for example, U.S. Patent Nos. 5.498.392 and 5.587,128 

to wading et al., tfie contents of wMch are inooiponted herem by reftaenoe. 

While tiiese standaid laboratoiy processes have been demonstrated in a 

mmiaturized format, tiiey have not been used to fonn a complete system. A complete 
30 *y»to» win require additional manipulation such as fhmt^ra^^^^ 

and fam^ional assays and flie detection of smaH signals foUowed by infonnation 
I»ocessing. T^e true chaUenge is tfutt of complete functional integration because it is here 
tiiat system architecture ami design constiaints on individual components wfll manifest 
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themselves. For example, a fluidic process is required to concatenate analytical stq>s that, 
xequiie the spBHial sqiaiation, and subsequent transport to new locations, of sets of 
analyte. Several possibilities have been considered including electroosmotic pumping and 
tran^rt of drc^lets by temperature-induced gradients in local surface toision. While 
5 feasible in demonstration experiments, these techniques place rather severe requirements 
on the overaU systrais lay-out to handle the very considerable DC voltages required for 
efficirat electroosmotic mixing or to restrict substrate heating whm gmecating theimally 
gmerated surface tension gradients so as to avoid adverse effects on protein and other 
samples. 

Sumniary of the Invaition 

The present invention combines three separate functional elraimts to 
provide a method and aq[q)aratus fecilitating the real-time, interactive spatial maniqnilation 
of colloidal particles Cbeads**) and molecules at an interface tietween a light sensitive 

IS electrode and an electnAyte solution. The three functional elements are: the electric 
field-induced assembly of planar particle arrays at an interface b^een an insulatmg or 
a conductive electrode and an electrolyte solution; the spaOal modulation of the interfadal 
impedance by means of UV-mediated oxide regrowth or suifiice- chemical patterning; and, 
finally, the real-time, interactive control over the state of the interfacial impedance by 

20 light. The capabilities of the present invoition originate in the fact that the iq)atial 
distribution of ionic currents, and thus the fluid flow mediating the array assmibly, may 
be adjusted by external intervention. Of particular int^nest is the introduction of spatial 
non-uniformities in the properties of the pertinent EIS stnicture. As described herein, 
such inhomog^ieities, either permanent or temporary in nature, may t>e produced by 

25 taking advantage of the physical and chnucal properties of the EIS stiucture. 

The invration relates to the realizatian of a con^lete, functionally int^rated 
systCTi for the implementation of biochemical analysis in a planar, minianirized format on 
the surface of a silicon wafer or similar substntte. In addition, the method and sqpparatus 
of the presrat invention may be used to create material surfaces exhibiting desirable 

30 topognq)hical idief and chemical functionality, and to fabricate surface-mounted qitical 
elmients such as lens arrays. 

The combination of three functional dements «dows the pres^ invention 
with a set of operational capabilities to manipulate beads and bead arrays in a planar 



wo 97/40385 PCr/US97/08tS9 

9 

geometry to allow the inqdemnitation of biochonical analytical techniques. Ttaesei 
fundamental qpetations apply to aggregates and arrays of particles such as: colloidal 
polymo- lattices, vesicles, whole chiomosomes, cells and bicmiolecules including proteins 
and DNA, as well as metal or semiconductor colloids and clusters. 
5 Sets of colloidal particles may be captured, and arrays may be formed in 

designated areas on the electrode surface (Figs, la, lb and Figs. 2a-d). Particles, and the 
arrays they form in refuse to the i^lied field, may be channeled along conduits of any 
configuration that are either embedded in the Si/SiOx interffice by UV-ojdde p«tfi.mifig 
or delineated by an extanal pattern of illumination. This channelmg (Figs: Ic, Id, le, 

10 Figs. 3c, 3d), in a direction normal to that of the applied dectiic fidd, relies on lateral 
gradients in the impedance of the EIS structure and hence in the field-induced current. 
As discussed herein, such gradioits may be introduced by qipropriate patterns of iUumina- 
tion, and this provides the means to implment a gated version of translocation (Rg. le). 
The electioldnetic flow mediating the array assembly process may also be exploited for 

15 the alignmem of elongated particles, such as DNA, near the surto of the electrode. In 
addition, the present invention permits the realization of methods to sort and separate 
particles. 

Arrays of col](»dal particles may be placed in designated areas and confined 
there until released or disassembled. Hie overall shape of the array may be delineated 

20 by UV-oxide patterning or, in real tune, by shaping the pattern of iUumination. This 
capabiKty enables the definition of fiinctionally distinct compartments, permanent or 
temporary, on the electrode surface. Arrays may be subjected to changes of shape 
imposed in real time, and they may be merged with other arrays (Fig. If) or spUt into two 
or more subarrays or clusters (Fig. Ig, Figs. 4a, 4b). In addition, the local state of order 

25 of the array as well as the lateral particle density may be reveisibly adjusted by way of 
the external electric field or modified by addition of a second, chemicaUy inert bead 
component. 

The present invention also aDows for the combination of fundamental 
operations to develop increasingly complex products and processes. Examples given 
30 herein describe the imptementation of analytical procedures essential to a wide range of 
problems in materials science, pharmaceutical drug discovery, genomic mapping and 
sequencing technology. Important to the integration of these and other fimctionaUties in 
a planar geometry is the cqnbility, provided by the present invention, to impose tempo- 



wo 97/40985 PCT/US97/CI8159 

10 

laiy or pmnanent compaitmoitalization in order to spatially isolate concunait piocesse$ 
or sequential stq>s in a protocol and die ability to manipulate sets of particles in a manner 
pennitting the concatenation of analytical procedunss that are performed in different 
designated areas on the substrate surfaces. 

Brirf Description of Drawings 

Other objects, features and advantages of the invention discussed in the 
above brief e}q}lanation will be more clearly understood when tOaea together with the 
foUowing detaUed description of an embodiment which wiU be undeistood as being 
iUustrative only, and the accompanying drawings reflecting aspects of that embodiment, 
in which: 

Figs, la-h are iUustnOions of the fundamental operations for bead 

manipulation; 

Rgs. 2a and 2b are i^iotographs illustrating the process of capturing 
IS particles in deagnated areas on the substrate suifiKe; 

Figs. 2c and 2d are photogn4>hs illustrating the process of excluding 
particles from designated areas on the substrate surface; 

Kgs. 3a and 3b are illustrations of the oxide profile of an Si/SiOx 
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electrode; 
conduits; 



Figs. 3c and 3d are photographs of the channeling of particles along 



Figs. 4a and 4b are photographs of the splitting of an existing aggregate 
into small clusters; 

Fig. S is a photograph of the lenang action of individual colloidal beads; 
25 Figs. 6a-c are side view ilhistntions <rf a layout-preserving transfer process 

from a microtiter plate to a planar ceU; 

Fig. 7 is a photograph of the inchision of spacer particles within bead 

clustm; 

Fig. 8 is an illDStiation of binding assay variations; 
Hgs. 9a and 9b aie illustrations of two medianisms of particle sorting; 
Kg- 10 is an illustration of a planar array of bead-anchored piobe-taiget 
complexes; and 

Fig. 11 is an illustration of DNA stretching in accordance with the present 



invention. 

Detailed Description of the Fftferrad Embodiments 

THe tinee iunctiooal elements of tiie present invention may be combined so 
5 to pnmde a set of fondamentalopenuions for tte interactive spatial 

colloidal particles and molecnles, assembled into planar aggregates adjacent to an 
electrode surfece. In the following description, fundamental operations in tiiis "toolset- 
are described in order of increasing complexity. Specifically, it is usefiil to adopt a 
classification scheme based on ti« total number of inputs and outputs, or -temunals" 
10 involved in a given operation. For example, the meiging of two sq^ate arrays, or sets' 
of particles, into one would be a "tiuee-tenninal" opeiation. involviflg two inputs and one 

output. ^<»nverseth«*-ten«inal opeiation, involving one input and two ouq^^^ 
tiie splitting of a givoi amy into two subamys. 

Experimental conditions yielding die phenomena depicted in tiie various 
15 photographs included herein areas follows. An etectrochemical cell is fomied by a pair 
ofplanarnTOdectiodes,composedofanITOIayerdqx«itedonagh»sssubs^ orby 
a Si/SiOx electrode on the bottom and an rro electnxle on the to^^ 
gap of 50 microns or less. CSiveo its dependence on tf» photodectric properties of tiie 
Si/SiQxinterf««,Hght control is predicated on flie use of a Si/SiOxel«^ Leads 
20 i»tf»fonn of platimun wires, are attached to tiie ITO and to tiie sitia^^ 

is first etched to remove the insulating oxide in tiie contact region, by means of silver 
epoxy. -nie ceU is first assembled and fl«n filled, relying on capillaiy action witfi a 
suspension of colloidal beads. 1 or 2 microns in diameter, at a typical concentration of 
0.1% solids in 0.1mM azide solution, corresponding to approximately 2x10^8 particles 
25 P«'««ter. Tlie number is chosen so as to yield te^^ 

particles on ti« ehxtiode surface. Anionic (e.g.. carboxylaled polystyrene, silica) 
cationic(e.g..aminatedpolystyrene)ornomi«aUyne«tna(e.g..polys^^ 
used to demonstiate tin. b^dc phenomena underiying U« tiiree functional elements of ti« 
present invemion. The silicon ehxtrode was fiibricated ftom a 1 inch-square portion o^ 
a St (I(X)) wafer, typicany 200-250 microns fliidc. n^loped to typfc^^ 

«3istivity.andcappedwiti,athinoxideoftypicany30^Angstromsthid^ AUuck 
c«ddehyer of tw>icany 6000-8000 Angstrom thickne^^ 

m a fiunace at 9S0 degrees C. may be etched by standard photolitiiography to define tiie 



30 
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Structures of interest. Alternatively, a thin oxide layer may be regrown on a previously 
stripped surface of (l(X))-orientation under UV illumination. Given its ease of 
implementation and execution, UV*mediated oxide regrowth is the preferable technique: 
it provides the means to pattern the surface by placing a quartz mask representing the 

S desired pattern in the path of UV illumination and it leaves a chemically homogeneous, 
topographically flat top surface. To avoid non-q>ecific paiticle adsorption to the electrode 
surface, stringent conditions of cleanliness should be followed, such as those set foith in 
the Graeral Ejqierimratal Conditions below. 

The fundamental one-tenninal operation is a "cqicure-and-hold" operation 

10 (Fig. la) whidi forms an array of particles in a designated area of arbitrary outline on the 
surface that is ddineated by UV-mediated oxide patterning or by a correqxmding pattern 
of illumination projected on an otherwise uniform Si/SiOx substrate surfoce. Figs. 2a and 
2b Ulustrate bead capture on a surface characterized by a very thin oxide region 22 
(an>roximately 20-30 Angstroms in thkkness) and correspondingly low impedance, while 

IS the ranaining surface is covered with the original, thick oxide with correq>ondingly high 
impedance. In Fig. 2a, there is no applied field, and hence, no bead capture. In contrast, 
in Fig. 2b, an electric fidd is spphed (lOVp-p source, 1 1^) and bead capture occurs 
within the thin oxide region 22. Under these conditions, an array starts to grow within 
less than a second and continues to grow over the next aiq)roximately 10 seconds as beads 

20 arrive from increasingly larg^ distances to add to the outward growing perimeter of 
region 22. Growth stops when the array s^roaches the outer limit of the delineated 
target area, i.e., the area defmed by the thin oxide having a low impedance. The internal 
state of order of the captured aggregate of beads is determined by the strength of the 
sqjplied volta^, higher values favoring increasingly densGi packing of beads and the 

25 eventual formation of ordered arrays di^laying a hexagraally crystalline configuration in 
ttie form of a bubble raft. The array remains in place as long as tfie sqiplied voltage is 
presoit. Removal of the applied voltage results in the disassraibly of the array. 

The "capture-and-hold" operation may also be implemented under 
illumination with visible or infrared light, for example by simply projecting a mask 

30 patterned with the desired layout onto the Si/SiOx electrode. A tegular lOOW quartz 
microscope illuminator has been used for this puipose on a Zeiss UEM microscope, with 
apertures or masks inserted in the intermediate image plane to provide the required shape 
in the plane of the electrode (when focused property under conditions of Koehler 



13 

iUumination). Alternatively, an IR laser diode with output of 3 mW at 650 - 680nm alsg 

hasbeenused. The use of exieiiBa illumination rather than oxide 

spatial confinement of particles allows the confinement pattern to be easily modified. 

Related to -captunwrnd-hold- is the one^enninal operation of "exclude- 
5 and-hold- (Fig. lb) which ckara particles from a designated area on the surface, 
mcieasing the frequency of the applied voltage to approximately lOOkHz leads to an 
imreraion in the preference of particles which assemble in the thinH)xide portion of the 
surface (e.g.. region 22, Fig. 2b) and instead fonnstmctures decorating the outside of the 
target area perimeter. Rather than relying on this effect, the exchision of particles 

10 the desired areas is also accomplished, in analogy to the original "capture-and-hoW- 
operations, by simply embedding the corresponding structure in the Si/SiOx imeifece by 
UV- mediated oxide regrowth. Intheexampleof Figs. 2c and 2d, this is achieved under 
conditions othen^ise identical to those described above, with respect to Hgs. 2a Li 2b 
by flying 20V (pp) at IQkHz. While the oxide thickness in the non designated areas' 

15 24 is approximately 30 Angstroms, the vahie in the designated square areas 26 is 

approximately 40 Angstroms, implying a correq^ndingly higher impedance at the applied 
frequMcy. 

The -capture-and-hoW- operation enables the qKUial compartmentaU^ 
of the substrate surfiu* i«o fbnctiooaUy distinct regions. For example, particles of 
20 d«»inct chemical type, introduced into the electrochemical cell at different times or 
iioected in diffimmt locations, can be kept in 
opnatkm. 

The fiindamcntal two^enninal operation is translocation (Fig. Ic) or the 
controlled transport of a set of particles from location O to location F on the surface- 
25 and Fare target areas to which dK^above^tescribedone-ten^ 

beapphed. The oneniimensional, lateral bead transport used in translocation is achi^ 
by miposing a hteral curxem along a conduU com«ctir« areas O and F. as show^ 
3a and 3b or by projecting a correqwnding linear pattern of iUumination In this 
chamuOing operation, beads move in the direction of hmer impedance in the 

30 »>«««wshowninFig,.3a«id3b.in«x«nlancewiththeunderiymgete^ 
flow. 

Oxide patternmg may be utilized in two ways to create a lateral current 
alongtheSi/SiOximerface. TtesimplestmethodisdepictedinFig. 
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open holding area 32 fed by three nanow conduits 34 defined by etching a thetmal oxide. 
Beads move to the holding area 32 along the narrow conduits 34 to fonn a bead anay. 
Fig. 3d is a large scale view of the array of Fig. 3c. The principle invoked in creating 
transport is that of changing tl^ aspect ratio (narrow conduit connected to wide holding 

S area) of the ^bedded pattern with constant values of thin oxide thickness inside and thick 
oxide outside, as illustrated in Fig. 3a. In Figs. 3c and 3d, the applied voltage was lOV 
(pp) at lOkHz. An alternative approach for creating bead tranqwrt, enabled by 
UV-mediated oxide regrowth, is to vary the oxide thickness along the conduit in a 
controUed foshion. This is readily accomplished by UV «qx>sure through a graduated 

10 filt^. Difi^nencesin the oxide thickness between O and F of as little as 

suffice to ^ect lateral tranqxnt. In this situation, the aspoct ratio of the conduit and 
holding areas need not be altered. This is illustrated in Fig. 3b. 

The use of extmial illumination to define conduits, by varying the 
illumination intensity along the conduit to create the requisite impedance gradient, has the 

15 advantage that the conduit is only a temporary structure, and that the direction of motion 
may be modified or reversed if so desired. The present invention provides for 
mechanisms of light-mediated active linear transport of planar aggregates of beads under 
interactive control. This is achieved by adjusting an external pattern of illumination in 
real time, either by moving the i»ttem across the substrate surface in such a way as to 

20 entrain the illuminated bead array or by electronically modulating the shape of the pattern 
to induce motion of particles. 

Two modes of light-mediated, active transport are: 

i) Direct Translocation ("tractor beam") which is a m^od of 
translocatiiig arrays and of delineating their overall shape by adjusting parameters so as 

25 to favor particle assembly within illuminated areas of the surface, as described herran. 
Arrays suiq>ly follow the imposed pattern. The rate of motion is limited by the mobility 
of particles in the fluid and thus depaiis on particle diameter and fluid viscosity. 

ii) Transverse Array Ccmstriction is a bead transport mechanism related 
to pmstaltic pumping of fluids through flexible tubing. The light-control component of 

30 the presrat invmtion may be used for a sinq>le implementation of this very general 
concqpt. A multi-componrat planar aggr^ate of beads is confined to a rectangular 
channel, by UV-patteming if so desired, or simply by light. Beads are free to move along 
the channel by diffusion (in either direction). An illumination pattern matching the 
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transverse channel dimension is set up and is then varied in time so as to pnxluce a. 
transverse constriction wave that travds in one direction almig the channel. Sudi a 
constriction wave may be set up in several ways. A concq}tually simple method is to 
project a constricting mask onto the sample and move the projected mask pattern in die 
5 desired fashion. This method also may be implemented electronically by controlling the 
illumination pattern of a suitable array of light sources, thus obviating the need for moving 
parts in the c^cal train. 

The control of lateral bead transit by changing or moving patterns of 
illumination has the advantage that it may be ^lied whenevo- and whoever (on a givm 
10 substrate surfoce) required, wiUKHit the need to unpose gradients in mqwdance by 
predefined UV patterning. On the ptfior hand, a predefined impedance pattern can provide 
additional aqnbifities in conjunction with li^-amtrol. For example, it may be desirable 
to transport beads against a substiate-embedded impedance gradient to sqMuate beads on 
the basis of mcrinlity. 

15 Conduits connecting O and F need not be straight: as with tracks directing 

the uKMion of trains, conduits may be ste^ in any deniable fashion (Fig. Id). A gated 
vmion of translocadon (Fig. le) permits the tranqjoit of particles from O to F only after 
the conduU is opened (or formed in real time) by a gating signal. This operation utilizes 
UV oxkle pattoning to establish two holding areas, O and F, and also light contiol to 

20 temporarily establish a conduit connecting O and F. An alternative implementation is 
based on an oxide embedded impedance gradient. A zone along the conduit is illuminated 
wiUi sufiTiciendy high intensity to keep out particles, tiiereby blocking the passage. 
Ronoval (or reduction in intensity) of die illumination opem the conduit In die former 
case, light enables die transport of beads, while in die latter case, light prevents die 

25 transport of beads. 

The fundamental three-tenninal operations aie die merging and q>litting of 
sets or arrays of beads (Figs. If and Ig). The merging of two arrays (Kg. If) involves 
the previous two fundamental operations of "capture-and-hold", applied to two spatiaUy 
isolated sets of beads in locations 01 and (12, and dieir respective rbannrfing along 
30 mergii^ conduits into a ccmimon target area, and dwir evoitual diannding, subsequoit 
to mixing, a chemical reaction, into the final destination, a tfiird holding area, F. This 
is acconqilished, undo- die conditions stated above, by uwddng on&-termmal and gated 
two-tommal operations. 
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The q>littmg of an anay into two subamys (Fig. Ig) is a special case of 
a generaUy more complex sorting operation. Sorting involves the classification of beads 
in a given set or amy into one of two subsets, for example accoiding to their fluores- 
cence intensity. In the simpler special case, a given array, held in area O, is to be split 
5 into two subarrays along a deroarcadon line, and subamys are to be moved to target areas 
Fl and F2. Under the conditions stated above, this is accompfished by iqiplying the 
*capture-and-hold" operation to the amy in O. Conduits connect O to Fl and F2. High 
intensity iUumination along a nanvwly focused line serves to divide the amy in a defined 
fashion, again relying on gated translocation to control tianqmn along conduits away fam 

10 the holding area O. An even smipler version, termed indiscriminate splitting, randomly 
assigns particles into Fl and F2 by gated translocation of die amy in O into Fl and F2 
afi^ cmiduits are opened as described above. 

Figs. 4a and 4b show a vanam in which beads in region O (Fig. 4a) are 
split into multiple regions Fl, F2, ... Fn (Fig. 4b). Hus reversible spUtting of an 

15 aggregate or amy into n subamys, or clusters, is accomplished, for caiboxylated 
polystymie sphoes of 2 nucron diametor at a concentration corresponding to an electrode 
coverage of a small ftaction of a monolayer, at a frequency of 500Hz, by raising tiie 
applied voltage from typically 5V (pp) to 20V (pp). This fragmentation of an amy into 
smaller chisters reflects tiie effect of a field-induced particle polarization. Tlie ^Uttittg 

20 is useAil to distribute particles in an amy over a wider area of substrate for presmtation 
to possible analytes in solution, and for subsequent scanning of tiie individual clusters witfi 
analytical instruments to make individual readings. 

The tiiree functional donents <tf tiie presort invention described hernn may 
be also ctMnlmied to yidd additional fundamental opoations to ccmtaol die orientation of 

25 anisotropic objects embedded in tiie electnxismotic flow created by tiie applied electric 
field at tiie dectrode surfece. The direction of tiie flow, in tiie plane of tiie substrate, is 
controlled by gradients in tiie impedance tiiat are shaped in tfie manner described in 
connection witii tiie channding opoation. This is used to comroUably align anisotropic 
objects as iUustiated in Fig. Ih, and may be appUed to stretch out and align biomolecules, 

30 such as DNA. 

An additional fundamental operation tiiat complements tiie previous set is 
ttiat of pemaaeaOy andioring an amy to tiie substrate. Tliis is best accomplished by 
invoking anchoring chemistries analogous to tiwse relying on h^eiobifunctional 
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cioss-iinkiiig agents invoked to anchor protdns via amide bond fbiniation. Molecular 
recognition, for example between biotinylated paiticles and surface-anchored stmptavidin. 
provides another dass of coupling chemistries for permanent anchoring. 

S Genoal Bxpaimental Ck>nditions 

■Hie functional elements, namely the electric-field induced assembly of 
planar particle arrays, the spatial modulation of the interfecial impedance by means of 
UV-mediated oxide or surface^:hemical patterning and finally, the control over the state 
of the inteifecial impedance by Kght which are used in the present imrention, have been 

10 demonstrated in experimental studies. TTwse studies employed n-doped silicon wafisrs 
(resistivities in the range of 0.01 Ohm cm), capped with either thermaUy grown oxide 
layeis of several thousand Angstrom thickness, or with thin oxide layeis, regrown after 
removal of the original -native" oxide in HF. under UV inuminatfon fiom a deuterium 
source in the presence of oxygen to typical thicknesses between 10 and 50 Angstroms. 

15 Lithographic patterning of thennally grown oxide employed standaid procedures 

implemented on a bench top (Hither than a clean room) to produce features in t^ 
of sevoal microns. 

Surfeces were carefidly cleaned in adherence with industry standard RCA 
and Kianha cleaning protocols. Substrates were stored in water produced by a Milliporc 

20 <*a«in« system prior to use. Surfiu^es were characterized by measuri^^ 

exhibited by a 20 microUter droplet of water placed on the suitu* and viewed (ftom t^ 
side) through a telescope. The contact angle is defined as the angle subtended by the 
smfece and the tangent to the droplet contour (in side view) at the point of contact with 
die surface. For example, a perfecUy hemispherical droplet shape would conespomi to 

25 a coniaa angle of 90 degrees. Surfece chemical derivatizatlon with 
menapto-propyl-trimedK>xysilane (2% in d^r tohieoe) produced sorftces giving typical 
contact angles of 70 degrees. Oxidation of the terminal thiol functionaKty mider UV 
inadiation in the presence of oxygen reduced the contact angle to zero in les^ 
of exposure to UV from the deuterimnsouree. Other siUme reagents were used in a 

30 »i»aarmam»ertoproducehydrophobic8uifitees,ch«acteriz^ 
of 110 degrees. 

Simple "sandwfch- electrochemical cells were constructed by employing 
kapton fihn as a spacer between Si/SiQx and conductive indimn tin oxide (TT^^^ 
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on a thin glass substrate. Qmtacts to platinum leads were made with sUv^ qx)xy dii^ 
to the top of the ITO electrode and to the (oxide-stripped) backside of the Si electrode. 
In this two-electrode configuration, AC fields were produced by a function generator, with 
applied voltages ranging up to 20V and frequencies varying from DC to 1 MHz, high 
5 frequmcies favoring the formation of particle chains connecting the electnxies. Currents 
were monitored with a potentiostat and diq)layed on an oscilloscope. For convenience, 
qii-fluoTBScence as well as reflection difiermtial int^eronce contrast microscopy 
employed laser illumination. Light-induced modulations in EIS impedance were also 
produced with a simple lOOW microscope illuminator as well as with a 3mW laser diode 
10 CTUtting liglit at 6S0-680 nm. 

Colloidal beads, both anionic and cationic as well as nominally neutral, with 
a diamet^ in the range from several hundred Angstroms to 20 microns, stored in a NaNj 
solution, were employed. 

Close attention was paid to colloidal stability to avoid non-q>ecific 
15 interacticHis b^een particles and between particles and the electrode surfoce. Bacterial 
contamination of colloidal suspensions was scrupulously avoided. 

Typical operating conditions producmg, unless otherwise indicated, most 
of the results described herein, were: 0.2 mM NaNj (sodium azide) solutions, containing 
particles at a concentration so as to produce not more than a complete monolayer of 
20 particles when dqwsited on the electrode; applied DC potentials in the range of 1 -4V, and 
AC potentials in the range of 1-lOV (peak-to-peak) and SOOHz - lOkHz, with an electrode 
gap of 50 microns; anionic (carboxylated polystyrene) beads of 2 micron diameter, as well 
as (nominally neutral) polystyme beads of 2-20 micron diameter. 

The method arid ayiparatus of the presmt inventkin may be used in several 
25 diffezent areas, examples of which are discussed in detail. Badti example includes 
bad^round information followed by the application of the present invention to that 
particular iq[>plication. 

Example I - Fabrication of Surfaces and Coatings widi Designed Properties 
30 The present invention may be used to fabricate planar surfaces and coatings 

with designed properties. Specifically, the functional dements of the presmt invention 
liable the formation of arrays composed of particles of a wide range of sizes 
(approximately 100 Angstrom to 10 microns) and diemical composition or surface 
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fiinctioiiality in iesp»nse to AC or DC electric fields. THese amys may be placed and 
ddineated in designated areas of the substrate, and the inteipaiticle spacing and intenul 
stale of Older within the amy may be controlled by adjusting the applied field prior to 
anchoring the amy to the substrate. The newly fonned suifeces display pre-designed 
5 mechanical, optical and chemical characteristics, and they may be subjected 
modification by subsequent treatment such as chemical cross-linking. 

•me mechanical and/or chemical modification of surfaces and coatings 
principally detennines the interaction between materials in a wide range of applications 
that depend on low adhesion (e.g.. tfKJ femiKar -non-stick- suifeces important m 

10 housewares) or low friction (e.g.. to reduce wear in computer hanl disks), hydiophobidty 
(the tendency to repel water. e.g., of certain fabrics), catalytic activity or specific 
chemical functionality to either sappross motecubr irteractions with surfaces or to 
promotethem. The latter area is of particular importance to the development of reliable 
anddurabtebiosensoraandbfoelectionicdevfces. Fimdly. a large mmiber of applications 

15 <te|««donsmfiw5esofdefinedtopographyaml/orchemicdfunction^ 

co«n>lling the grcmth moiphology of deposited, material or as -command M 

directing aligmnent of opticaUy active molecules in deposited thin oiganic fihns. as 
in liquid oystal display ^Ikations. 

Extensive research has been devoted to die fonnation of surfaces by 
20 adsoiption of tUnoiganicfihns of known composition from UK liquid 

several metiiods. NotwiUwtanding tfMsir seeming simplkaty and wide-spread use. these 
methods can be difficuk to handte in producing reliable and reproducible ^^^^ In 
addition, molecular fihns are not well suited to produce suifeces displaying a regular 
topogr^hy. 

25 An alternative approach to tiie problem is die modification of conductive 

surfiK^es by electrophoretic deposition of suspended particulates. This is a wktely used 
technique in industrial settings to produce paim coatinp of metal parts, and to de^^ 
phosphor for display screens. The active dq«sition process significanUy enhances ti« 
kmetics of formation (in comrast to passive adsoiption of oigamc fihns from solution) 

30 an important consideration m practical applications. Btectrophoretic deposition requires' 

high ix: electric fields and produces toyera in which partfcles are pennanemly adsort^ 
to ti» suifece. White partfcles in so-deposited monobyers are usually randomly 
distributed, die fonnation of polyciystalline monolayers of smaU (150 Angstiom) gold 
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colloids on caibon-coated copp^ grids is also known. However, the use of caxbon-coated 
cofiper grids as substrates is not desirable in most applications. 

Prior art methods have been described for the formation of ordered planar 
arrays of particles under certain conditions. For example, the formation of ord^ed 
5 colloidal arrays in req;x>nse to AC electric fields on conductive indium tin oxide (TTO) 
electrodes is known. However, the resulting layers were composed of small patches of 
ordered arrays, randomly distributed over the surface of the otherwise bare ITO substrate. 
Arrays of monodi^rse colloidal beads and globular proteins also have been previously 
fabricated by using convective flow and capillary forces. However, this latter process has 
10 the disadvantage of leaving dq[x>sited particle arrays immobilized and raposed to air, 
making it difficult to modify arrays by subsequent liquid phase dionistiy. 

The present invention provides a method of fonning planar arrays with 
piecise control over the mechanical, optical and chooucal i»opeittes of the newly created 
layer. This method has several distinct advantages over the prior art. These result from 
IS the oxnbination of AC electric field-induced array formation on insulatmg electrodes 
(Si/SiOx) that are pattmied by UV-mediated oxide regrowth. The process of the present 
invention enables the formation of ordered planar arrays from the licpiid phase (in which 
particles are originally suq)raded) in designated positions, and in accordance with a given 
overall outline. This eliminates the above-stated disadvantages of the prior art, i.e. , dry 
20 state, irregular or no topography, random placement within an aggregate, immobilization 
of particles and uncontrolled, random placraient of ordered patches on the substrate. 

An advantage of the presoit invration is that arrays are maintained by the 
affiled electric field in a liquid environm«t The process leaves the amy in a state that 
may be leadily disassembled, subjected to further chemical modification such as 
25 cross-linking, or made pmnanent by chraiical anchoring to the substrate. Furthermore, 
the liquid environment is favorable to ensure the proper functioning of many proteins and 
piotdn supramolecular assemblies of which arrays may be composed. It also facilitates 
the subsequent liquid-phase dqx>sition of additional laym of molecules (by chemical 
bincfing to beads or protdns in the dqxisited layer), the cycling of arrays between states 
30 of diffeient densiQr and internal order (including complete disassCTibly of the array) in 
response to electric fields and the chemical cross-linking of particles into 
two-dimrasionally connected layers, or gels, formed, for sample, of diraiically 
functionalized silica spheres. The present invention can be practiced on insulating 
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electrodes such as oxid^^wed silicon, to minimize Faiadaic p«x»sses that might 
adversely affect chemical reactions involved in the gelation piocess or in anchoring the' 

amy to the substrate. TTe use of Si/SiOx electrodes also enables the control of array 
placement by external iUuminalion. 

5 lUe formation of colloidal arrays composed of smaU particles in accordance 

wrth the present invention provides a route to the fabrication of surfeces with reHef 
stnK^ure on the scale of the particle diameter. Aside ftom their optical properties, such 
-micro-roogh- surfeces are of interest as substrates for the deposition of DNA in such a 
way as to alleviate steric constraints and thus to facilitate enzyoie a«^^ 

10 Particles to which the invention applies inchide silica spheres, polymer 

coUoids. lipid vesicles (and related assemblies) conlaining membrane protems such as 
bacteriorhodopsin (bR)- a light-driven p,«on pump that can be extracted in the form of 
membranepatchesanddisksorvesicles. Structured and fonctionalized «.ri5«x« composed 
of photoactive pigments are of interest in the context of providir« elements of planar 

15 «PticaIdevicesforthedevdopmemofimK««ived«^^^ ^ 
areas of potential impact of topographically str«*.«d and cfaemicaUy functionalized 
surfte are the fiU^ication of template s^ 

layergrowthandcommandsurfi^^slbrliquidcrystalal^ Tl^ present invention 
^^-blesthefa-icationofrandamlyhet^ 
20 ««ft»n,»tionofai«yscomposedofamixt^ 

the same size creates a surfece whose wetting and tobrication characteristics may be 
controlledbythecompositionofthedepositedmbcedbead^^^ In this way. the location 

^the individual beads is landcm,. but the relative proportion Of «^ 
me array is controllable. 
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Examplen - Assembly of Lens Arrays and Optical Etiffiaction Biemeots 

The present imrention can be used to fabricate lens arrays and other 

surface-mounted optical elements such as diflh«:tiong„.^^^ Hie functional elements 

of the present invention enable the placement »k1 delineation of these elements on ITO 

faciUtatingintegrationwithexistingplanar^^ 

urtegration with existing silicon4>ased device techM 

Silicaorother oxidepartides. polymer latex beads or other objects of high 

nrfhK^tive index suspended in an aqueous solution^ Ordered planar 
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arrays of beads also diffract visible light, generating a characteristic diffraction pattern of 
shaip spots. This effect fbnns the basis of holographic techniques in optical information 
processing complications. 

5 A. - The present invention provides for the use of arrays of refractive 

colloidal beads as light collection elements in planar array formats in conjunction with low 
light level detection and CCD imaging. CCD and related area detection schemes will 
benefit from the enhanced light collection efRdmcy in solid-phase fluorescrace or 
luminesc^ice binding assays. 
1 0 This assay format relies on the detection of a fluorescMce signal indicating 

the binding of probes to bead-anchored taxgets in the vidnity of the d^ector. To 
maximi?^- through-put, it is desirable to monitor simultaneously as many binding evmts 
as possible. It is here that array fonnation by the methods of the present invration is 
paiticulaily valuable because it facilitates the placraimt and tight paddng of beads in the 
IS target area monitored by the CCD detector, while simultaneously providing for die 
additional beodit of Irasing action and the resulting increase in light collection efficiency. 

Inooeased collection efficiency has been dmionstrated in experimmts 
employing individual, large (10 micron diameter) polystyrene beads as lensing elemrats 
to image small (1 micron diameter) fluorescent polystyrene beads. Under the 
20 experimental conditions s^ forth above an s^lied voltage of 5 V (pp) at 300 Hz induced 
the collection of small particles under individual large beads within a second. This is 
shown in Fig. 5, where small beads alone, e.g., 52, sq^pear dim, whereas small beads, 
e.g., 54, gath^ed under a large bead 56 sppcax bright^ and magnified* The small beads 
redisperse whra the voltage is turned off. 
25 B. - The use of colloidal bead arrays as diffraction gratings and thus 

as hologrq>hic dements is known. Diffraction gratings have the property of diffracting 
light over a narrow nmge of wavelengths so that, for given angle of incidmce and 
wavdragth of the illumtnating light, the array will pass only a specific waveloigth (or a 
narrow band of wavelengths centered on the nominal value) that is determined by the 
30 int^-particle placing. Widely cfiscussed plications of difiraction gratings range from 
simple wavdength filtering to the more demanding realization of spaGdl filters and rdated 
holographic elemraits that are essential in c^cal information processing. 

The presmt invention provides for a rapid and well controlled process of 
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fanning planar anays in a state of oystalline order which will fiinction as. 
smfiice-mounted optical diffitaction elemems. In addition, the resulting surfaces may be 
designed to display topogn^hical relief to enhance wave-length selective reflectivity. 
These arrays may be fonned in designated areas on a substrate surface. In contrast to the 
slow and cumbersome prior art mediod of fabricating such arrays by way of forming 
equilibrimn crystals in aqueous solutions of low salt content, the present invention 
provides a novel approach to rapidly and reliably fabricate particle arrays « 
interface. ™8 approach relies on field-induced formation of arrays to trigger the pr^ 
and on UV-mediated patteniing or light control to position and shape fl« arrays, to 
addition, ti» inter^cle distance, and internal state of order, and hence the diffiaction 

characteristics of ti« array, may be fine-tuned by a<yusting the applied dectf^ For 
example, a field-induced, reversible order-<lisoider transition in the array wifl alter flie 
dif&actioo pattern from one composed of sharp spots to one composed of a diffiise ring, 
nie assembly of such arrays on die surfiice of silicon wafers, as described herein. 

providesadirectmetiKxIofintegrationimoeristingmicrodectionicdesigns. Arraysmay 
be locked in place by chemical coupling to die substrate surfece, or by relying on van der 
Waals attraction between beads and substrate. 

Example m - A Novel Mechanism for the Sealization of a Particle-Based Display 

Ihe present invention provides die elements to implement lateral particle 
motion as a novd approach to tite realization of a particle-based display. Tl«elements 
of die present invention provide for tiie comrol of die lateral motion of small particles in 
the presence of a pre-formed lens array composed of large, refractive particles. 

Colloidal particulates have been previously employed in flatmnel display 
25 technology. Tlteopeniting principle of ti«se designs is based on el^ 

ofpigmentsinacoloredfluidconfu^dbetweentwoplanarelectnrfes. In ti« OFF (dark) 
state, pigments are suspended in dte fluid, and d« color of die fluid defines die 
appearance of die di^lay in tf«t state. To attain d« ON (bright) state, particles are 
assembled near die from (tran^t) electrode muter die action of an electric I„ 
30 latter state, inddem light is reflected by tt^hiyer of particte^ 
dectrode. ami d« display appears bright. Prototype dispky^ 
particles in accordance widi diis design are known. However, diese diqilays suffered 
from a mmiber of serious problems inchiding: electrodiemical degradation and lack of 
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colloidal stability as a result of prolonged exposure to the high DC etectric fields require4 
to adiieve acceptable switching speeds; and non-unifonnities introduced by particle 
migration in refuse to field gradients inherent in the design of the addressing sch^e. 

The preset invention provides a novel mechanism for the design of a 
paiticle-based diq>lay which takes advantage of electric field-induced array fonnation as 
well as controlled, field-induced lateral particle displacemrats. First, a lens anay 
composed of colloidal beads is formed. This lens array also serves as a spacer array to 
maintain a well-defined gap between the bottom electrode and the top electnxie that may 
now be placed over the (pre-formed) array. Tliis facilitates fabrication of uniform flat 
panel displays witfi a nanow gap that is determined by the particle diameter. 

Next, small colloidal particles are added to the electrolyte sohition in the 
gap. These may be fluorescent, or may be reflecting inddmt white light. Under the 
action of an AC dectric field of appropriate fiequmcy , these small paiticles can be moved 
laterally to assemble preferentially within the foo^rint of a larger bead. When viewed 
through a larger bead, small fluorescrat beads assembled under a large bead sqspear bright 
as a result of the increased light collection efficiency provided by the lensing action of the 
large bead; this is die ON state (Fig. S). Whm moved outside the footprint of the larger 
bead, particles appear dim, and may be made entirely invisible by aiq>ropriate masking; 
this is the OFF state. The requisite lateral particle motion may be induced by a change 
in the ^lied voltage or a change in light intensity. Each large or lensing bead introduces 
a lateral nonuniformity in the current distribution within the electrolyte because the current 
is perturbed by the presence of each lensing bead. 

In contrast to the prior art displays, the preset invention employs AC, not 
DC fields, and insulating (rather than conductive) electrodes, therd)y minimizing 
electrochemical d^radation. The lateral non-uniformity introduced by the lens array is 
desirable because it introduces lateral gradients in the current distribution within the 
display cell. These gradimts mediate the lateral motion of small beads over short 
diaracteristic distances set by the diameter of the large lensing beads , to ^ect a switching 
betwem ON and OFF states. Thus, the present invention readily accommodates existing 
technology for active matrix addressing. 

Example IV - Layout-Preserving Transfer of Bead Suspensions ftom Microtiter Plate to 
Planar Cell 
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THe present invention provides a method to transfer suspensions of beads 
or blomolecules to the dectiode sui£ice in such a way as to preserve the spatial encodmg 
in the original anangement of leservoiis. most commonly the conventional 8x12 
aira^gementofwdlsinamiciotiterplate. Such a fluid transfer scheme is of significant 
5 practical importance given that compound Ubiariesa^ 
8x12 wells. 

Tbc present invention utilizes chemical patterning to define individual 

compartments for each of MxN sets of beads and confine them accordfa^ly. In the 
present instance, patterning is achieved by UV-medlaled photodiemical oxidation of a 

10 "'O'^layerofthiol-tenninatedalkylsilanethatischemisoibedtote 

Partial oxidation of thiol moities pnxittces sulfonate moities and rendeis the aqx>sed 
surface charged and hydiophilic. Il« hydrophilic portions of the su Ace. i„ the fonn of 
a grid of squares or circles, will serve as holding areas. 

In accoidance with the present invention, the first function of 

15 «'fe«^<*emi«^ 

IS to ensure that droplets, dispensed fiom different wdls. will not fuse once they are in 
contact with the substrate. Consequemly. req^ctive bead suspensions wiU remain 
spatiaMy isolated and presence the laynout of the origuKdMxN well plate. TTc second 
role of the sur&ce chemical patt«ning of the present invention is to impose a surface 

20 c>»^<fistribntion. in the fonn of tiu.MxN grid pattern, which ensures tiu^ 

bead airays wiU remam confined to tiieir respective holding areas even as tiie liquid phase 
becomes contiguous. 

nie transfer procedure involves the steps iUustiated in Kgs.6a-c First 
as shown in sideview in Fig/da. Uu^ MxN plate of weUs 62 is regist«ed wifl. tiie pattern 

25 64 on ti,e planar substrate surface. WeU bottoms 62. are pierced to allow lor ti« 
formation of pendant drops of suspension or. preferably. ti« process is facilitated by a 
fixture (not shown) providing MxN effective fimnels to match fl« geometric dimensions 
ofU«MxNplateontf«topandreduceti»8izeofthedispensingend. Such a dispensing 
^^^-'^ WiU ah» ensure ti« precise contiol of droplet vohimes. adjusted so as to 

30 <>verfdlti,eta.getholdh«.areaontiiepatten«ds„bstrate n« set of MxN drops 

IS then deposited by bringiflg them in contact wifli ti« hydrophilic to^^ 
pJ&pattemed substrate and relying on cqrillaiy action. 

Next. tiM! plate is iBtiacted. and tiie top electrode is (arefidiy lowered to 
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fonn the electxodimiical cell, first making contact as shown in Fig. 6b, with individual, 
liquid-filled holding areas on the substrate to which suspmsions are confined. Overfilling 
ensures that contact is made with individual suspensions. The electric field is now turned 
on to induce array formation in the MxN holding areas and to oisure the preservation of 

S the overall configuration of the MxN s^ of beads while the gap is closed fuither (or 
filled with additional buffer) to eventually fuse individual droplets of su^nsion into a 
contiguous liquid phase as shown in Fig. 6c. In the fully assembled ceU of Fig. 6c, while 
the droplets are fused together, the beads from each dn^let are maintained in and isolated 
in their respective positions, reflecting the original MxN arrangement of wells. The 

10 present invention thus provides for the op^ations required in this implem«itation of a 
layout-preserving tnmsfer procedure to load planar dectrocbemical cells. 

Bxanq)le V - Preparation of Hetoog^oeous Panels of Paitides 

The presrat invention provides a method to produce a heterogeneous panel 

IS of beads and potmtially of biomolecules for presmtation to analytes in an adjacoit liquid. 
A heterogeneous panel contains particles or biomolecules which differ in the nature of the 
chemical or biochCTiical binding sites they offer to analytes in solution. In the event of 
binding, the analyte is identified by the coordinates of the bead, or cluster of beads, 
scoring positive. The present method relies on the functional elCTirats of the invration 

20 to assemble a planar array of a multi-component mixture of beads which carry chemical 
labels in the form of tag molecules and may be so identified subsequent to performing the 
assay. 

Diagnostic assays are frequently implraiented in a planar format of a 
heterogeneous panel, composed of simple ligands, proteins and other biomolecular targets. 

25 For example, in a diagnostic test kit, a hetero^neous panel facilitates the rapid testing of 
a given analyte, added in solution, against an radre set of targets. Het^ogeneous panels 
of proteins are of great current interest in connection with fte emetpng field of proteome 
research. The objective of this research is to identify, by scanning the panel with 
sraative analytical techniques sudi as mass spectrometry, each protein in a 

30 multi-component nuxture »tfiicted ftom a cell and separated by two-dimensional gd 
electrqphareas. IdeaUy, the location of each spot uniquely conne^nds to one particular 
protrin'. This analysis would permit, for ^cample, the direct monitoring of gene 
eiqpression levels in a cell during a particular pcnnt in its cycle or at a given stage during 
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embryonic deyeiopmeat. 

The fehricadon of an amy of hetnogeneous taisets is coitcal to lecendy 
pn^wsed strat^ies of diug screening and DNA motation analysis in a fdanar format. The 
placeman of ligands in a spedfic configuration on the surface of a planar substrate serves 

5 to maintain a key to the identity of any one in a large set of targets presented simulta- 
neously to an analyte in sohition for binding or hybridization. In an assay relying on 
fluorescence, binding to a specific target wiU create bright spots on the substrate whose 
qMtial coordinates directly indicate the idratity of the target. 

Three principal strategies have been previously employed to fabricate 

10 heterogeneous panels. First, protein panels may be created by two-dimensional gel 
electrophoresis, relying on a DC electric field to separate proteins first by charge and then 
by size (or molecular weight). Even after many years of refinement, this technique yields 
resuhs of poor reproducibility which are generally attributed to the pooriy defmed 
propnties of the gd matrix. 

Second, individual droplets, drawn from a set of reservoirs containing 
solutions of the different targets, may be dispensed either by hand or by employing one 
of sevnal methods of automated dispensing (or "printing"; see e.g., Schena et al. , Science 
270, 467-470 (1995), the contents of which are incoipoiated herein by reference). 
Printing has been applied to create panels of oligonucleotides intended for screening assays 

20 based on hybridization. Printing leaves a dried sample and may thus not be suitable for 
proteins that would denahire under such conditions. In addition, the attendant fluid 
handling problems inherem in maintaining, and drawing samples from a large number of 
reservoirs are formidable. 

Third, taiget Ugands may be created by invoking a variant of soUd phase 

25 synthesis based on a combinatorial strategy of photochemicaUy activated elongation 
reactions. This jqjproach has been limited by very formidabfc technical problems in the 
chemical synthesis of even the simplest, linear oUgomeis. The synthesis of non-linear 
omipounds in dus planar geometiy is extremely difficult 

The present invention of forming heterogeneous pands requires the 

30 chemical attachment of target ligands to beads. Ugands may be coiq>led to beads 
-off-line" by a variety of weU established coupling reactions. For present purposes, the 
bead identity must be diemkaUy encoded so it may be determined as needed. Several 
methods of encoding, or binary encoding, of beads are available. For example, short 
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oUgomicleotides may serve the puipose of identifying a bead via thor sequence which may 
be determined by microscale sequencing techniques. Altematively, chemicaUy inert 
molecular tags may be employed that are readUy identified by standard analytical 
techniques. 

5 In contrast to all prior ait methods, the present invention provides a novel 

method to create heterogeneous panels by in-situ, reversible fomuUion of a planar array 
of "encoded" beads in solution adjacent to an electrode. The amy may be random with 
respect to chemical identity but is ordered with lespect to spatial position. This procedure 
offers several advantages. Fust, it is reversible so that the panel may be disassembled 
10 foUowing the binding assay to discard beads scoring negative. Positive beads may be 
subjected to additional analysis without the need for intermediate steps of sample retrieval, 
purification or transfer between containers. Second, die panel is formed when needed, 
that is, either prior to peifonning the actual binding assay, or subsequem to performing 
the assay on the sutfiice of individual beads in suspension. The latter mode minimizes 

15 potential adverse ^ects that can arise when pnibes bind to planar target kirfiu«s with a 
high concentration of target sites. Hiird, to accommodate scanning probe analysis of 
individual beads, iidetpaiticle distances within the array may be adjusted by field-induced 

polarization or Iqr the addition of inert spacer particles that differ in size from the encoded 
beads. Kg. 7 shows the use of small spacer beads 72 for sq>arating encoded beads 74. 
20 As shown, the ^ing of beads 74 is greater than the spacing of comparable beads in Fig. 
4b. Finally, UV-medialed oxide regrowth, as provided by the preset invoition, readily 
faciUtates the embedding of a grid pattern of selected dimension into the substrate to 
oisure the formation of small, layout-preserving subanays in the low-impedance ftdds of 
the grid. 

25 To create the paaA, a multi-conponait mixture of beads carrying, for 

example, compounds prodiKed by bead-based onnbinalarial chemistry, is placed between 
electrodes. Each type of bead may be present in multiple copies. Arrays are fbrmed in 
response to an external field in a designated area of the electrode sui£u». This novel 
qipioach of in-situ assembly of panels relies on beads that cany a unique chonical label, 

30 or code, to pomit ibsk identifkatira subsequoit to the coiiq>l6tion of a binding assay. 
Tins invendon fiicilitates on-line tag^ of beads 1^ way of a photochonical bead- 
cotoiing method. Sdected beads in an amy are individual^ illuminated by a focused 
light source to trigger a coioring reaction on the bead suifiKe or in the bead interior to 
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indicate a positive assay score. Beads so mariced can be subsequently sq««ated from 
unmaikcd beads by a light-activaled sorting method described heiein. Numeious UV- 
activated leactions are available to Imptement this bead-coloring method. 

nie present invention provides for several mefliods of diseasing beads with 
5 -^g^e scores. typicaUy the vast majority, while retaining ttiosew 

Uns method take advantage of Uie fact tiiat. in contrast to all prior art meflHxIs. Uie array 
Rpresents a temporary configuration of particles that is maintained by ti» applied etectric 
field and may be rearranged or disassembled at will. TOs capability, along with the feet 
that biomolecules are never exposed to air (as in the prior ait method of printing) 

10 f^i^tatestiiein-situconcatenationofanalyticaiprocedarestiuarequirethehe^ 
panel m conjunction with subsequent, "downstream- analysis. 

First, if positive beads are clustoed in a subsection of tfie array tiie 
light-controlled array q,litting operation of U« presem invention may be invoked to dilsea 

tiie array so as to discard negative portions of ti« array (or recycle them for sub«^ 
15 use). Second, if positive and negative beads are ramtomly imerspersed a 
fliH^cscenc^activated sotting medKxi. implemented on tbt basis of ti,e present invention 
m a pkmar format, as described herein, may be invoked. In the case of fluorescence- 
activated sorting, positive and negative beads may be identified as bright ami daric objects 
i«pectively. I» special case tiu.1 only a few positive beads stand out, ti^ 
20 '«»«vedfrem the array by locking onto ti^mwiU, optical tweezen. a tool ^ 

manipUate individual refractive partfcles under illumination, and disassembling the array 
by removing ti« field, or subjecting u,e entire array to lateral di^lacement by ti« 
fundamental operations of the present invention. 

•me tjpical task in screening a large set of compounds is one of looking for 
a very small number of positive events in a vast number of tests. Tl« set of disc«ded 
beadswiDtypicallyinvolveU^majorityateachstageinti^assay. n« procedure of ti« 
present mvention tiierefore minimizes ibc effort im^ested in negative evems, such as tiie 
challenging in-sim syntiiesis of target ligands irrespective of whether or m« tiiey will 
prove to be of interest by bindiiig a probe offered in solution. 

mventioncontainsbeadsofeachtypeingeneranyrandom.^^^^ Tl^creationofa 
heterogeneous panel Witt, each position in the pand containing ^ 
same tj^. tiuit is. beads originating in tiu. same resen^ir (Fig. 6a). 
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as to ensuie a sufficiently large number of positive events to fiu:ilitate detection. A 
practical solution follows from the qipfication of the layout-i>ieserving fluidic transfer 
scheme described herein. In this procedure, beads fitom an MxN well plate are 
transferred layout-preservingly onto a chemically patterned substrate in such a way as to 
S preserve the spatidl encoding of bead identities. 

Example VI - Binding and Functional Assays in Planar Bead Array Format 

The present invention can be used to implemmt mixed-phase binding assays 
as well as certain functional assays in a planar array format. Several combinations are 
10 possible reflecting the presmce of probe or target in solution, on the surface of colloidal 
beads, or on the electrode surface. The methods oi the present invmtion facilitate the 
formation of a planar amy to present targets to probes in solution prior to performmg the 
binding assay ("preformed** array; Fig. 8). Alternatively, a planar array of beads may be 
formed in front of a detector surface subsequent to perfonning the binding assay in 
IS suspension ("postformed" array; Fig. 8). The present invention also provides the methods 
to implrairat functional assays by enabling the assonbly of certain cell types adjacent to 
a planar detector or sensor surface to monitor the effects of racposure of the cells to small 
molecule dnigs in solution. 

Binding assays, particularly those involving proteins such as ^izymes and 
20 antibodies, represent a principal tool of medical diagnostics. They are based on the 
q)ecific biochemical intoaction between a probe, such as a small molecule, and a target, 
such as a protein. Assays facilitate the rapid detection of small quantities of an analyte 
in solution with high molecular q)ecificity. Many procedures have been designed to 
produce signals to indicate binding, either yielding a qualitative answer (binding or no 
25 binding) or quantitative results in the form of binding or association constants. For 
example, when an enzyme binds an analyte, the resulting catalytic reaction may be used 
to generate a ample color change to indicate binding, or it may be coupled to other 
processes to produce chemical or electrical signals from which binding constants are 
determined. Monodonal antibodies, nused from a single common precursor, may be 
30 ptepsrod to recognize virtually any givcm target, and inununoassays, based on 
antibocty-antigm recognition and binding, have developed into an important diagnostic 
tool. As witii razyme binding, antibody binding of an antigenic analyte may be detected 
by a variety of techniques including the classic method of enzyme-linked immunoassays 
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(BUS A) in which the reaction of an antibody-coupled enzyme is «q>lQited as an indicator. 
A common and conceptually simple scheme ensures the detection of antibody binding to 
a taiget analyte by supplying a fluorescemly labeled second antibody that recognizes the 
first (or primaiy) antibody. 

5 Binding assays involving soluble globular proteins are often perfonned in 

solution to ensure unbiased interactions between pretein and taiget. Such liquid phase 
assays, eqxxially when perfonned at low concentrations of taiget or prebe, minimize 
potemial difficulties that may arise when either taiget or prebe are present in abundance 
orinclosepioximity. By the same token, the kinetics tend to be stow. Coopeiative 
10 <^«ts. such as crowding, arising fhm the close proximity of pn)bes^^ 
controlled when dther probe or taiget is chemicany andwred to a solid subs^ 

Nonetheless, this latter solid phase foimat of binding assays is also veiy 
commonly employed whenever the situation demands it. For example, the presence of 

a protein on the suifiu* of a ceU may be expldted in -pamring- for the ceUs ^ 
15 protein in the presence of many other celb in a cnl^ 

attach themselves to the surface of a container that is pre^^ated with a layer of a 
secondary antibody directed against a primaiy antibody decorating thedesired ceU-suriace 
piotem. Si°>flariy, certain phages may be geneticanymanipula^ 
their suifece. and these may be identified by a binding assay im^olving a small molecule 

20 probe such as an antigai if the protein displayed is an antibody (Watson et al 
•Recomhinant DNA-. 2nd Bditfon (Scientific American Books. W.H. Freemin and Co.! 

New Yoric, NY. 1983). the contents of which are incoHKMated herein by reference), to 

additfon, the planar geometiy accommodates a variety of optical and electrical detection 

sdmnes implemented in transducers and sensors. 
25 A combination of liquid phase and solid phase assay may be developed by 

using beads ti«t are decorated wiUi eitiu^ probe or taiget. as in procedures that employ 

decorated magnetic beads for sampIepri,«aation orpurificatio^ 

non-Wnding molecules in a given multi-component mfarture. Recent examples of the use 

of tiiese beads include ti« purification of templates for DNA sequencing ^^.plications or 
30 t«« extraction of mlWAs from (lysed)ceUs by hybridization to b^ 

witii poly-acknine (polyA) residues. 

Functional assays involving suitable types of cells are employed to momtor 
extnceUular effects of small motecule drugs on cell metabolism. Cells are placed in tiie 
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immediate vidnity of a planar smsor to maximize the local concratiation of agents^ 
released by the cell or to monitor the local pH. 

The present invration provides the means to implment mixed phase bmding 
assays in a planar geometry with a degree of flexibility and contn>l that is not available 
5 by prior ait methods* Thus, it offers the flexibility of forming, in-situ, reversibly and 
under external spatial control, either a planar panel of target sites for binding of analyte 
present in an adjacent liquid phase, or a planar array of probe-target complexes subsequent 
to performing a binding assay in solution. Binding may take place at the surface of 
individual beads suqiended in solution, at the surface of beads pre-assraibled into arrays 
10 adjacent to the electrode »uface, or at the electrode surface itself. Either the target or 
probe molecule must be located on a bead to allow for a bead-based assay according to 
the preset invention. As diown in Fig. 8, if the probe molecule P is located on a bead, 
then the target molecule T may be dther in solution, on a bead or cm the electrode 
surftce. The converse is also true. 
IS For example, the m^hods of the presmt invention may be used to 

implement panning, practiced to clone cell surface recqitors, in a far more e?q)editious 
and controlled mannor than is possible by the prior art mediod. Given a substrate that has 
bera coated with a layer of antibody directed against the sought-after cell surface protein, 
the preset invention facilitates the rapid assembly of a planar array of cells or decorated 
20 beads in proximity to the lay^ of antibodies and the subsequrat disassembly of the array 
to leave behind cmly those cells or beads capable of forming a complex with the 
surface-bound antibody. 

A further example of interest in this category pertains to phage displays. 
This technique may be en^loyed to present a layer of prcHein targets to bead-anchored 
25 inobes. Bead arrays may now be employed to identify a protein of interest. Tliat is, 
beads are decorated with small molecule probes and an array is formed adjacent to the 
phage di^lay. Ending will result in a probe-target complex that retains beads while 
others are rmoved when the electric field is turned off, or whca light-control is ^ppUsd 
to remove beads from the phage (fisphiy. If beads are encoded, many binding tests may 
30 be carried out in parallel because retained beads may be individually idmtified subsequrat 
to binding. 

The methods of the present invention readily fadlitate competitive binding 
assays. For example, subsequent to binding of a fliKnescent probe to a target-decorated 
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bead in sototion and the fcmnation of a planar bead amy adjacent to the electrode 
fl«on«cent areas within the anay indicate the position of positive tai^ets . and these may 
be firther probed by subjecting them to competitive bhKi^^^ n«t is. while monitoring 
the fluorescence of a sdected section of the planar anay , an inhibitor (for enzyme assays) 
5 «'o«h«a««ag»nist(ofknownbindingconstant)is 

the decrease in fluorescence originating frc«n the region of interest is measured as a 
function of antagonist concentiation to detennine a binding constant fo^ 
nus is an «tample of a concatenation of analytical steps tiiat is enabled by tt^ metiiods 
of the presmt invention. 

10 "^^^^^^taprol^-taiget complex is fixed to a coltoidalbe^^ 

methods of the present invention, conveys pnwtical advamages because tius'ftdlitates 
separation of positive ftom n^^gative evems. Pwicuhriy when solid phase assays are 

peifonned on a pW substnoe. an additional advant^ of planar bead ainiys 
enhancement of light collection efficiency provided by Ak^ beads, as discussed herein. 
15 If desired, beads may serve stricdy as delivery vehicles for smaU molecule 

probes. That is. an anay of probe^tecomted beads is fomied adjacent to a taiget- 
<iecoratedsu,i5«» in accordance witf.tf« metiiods of ti« UV-activated 
deavage of tf« probe from tfu. bead support will ensure ti«t tiie probe is released in close 

proximity to tiietaiget layer, fliereby enhancing speed and efficiency of tiieam^ TT.e 
20 M««ity«ftheparticularprobeintoactingwiU,tiH^ta,g^ 
positional location of tiie bead deUvering tiie probe. 

•me metiiods of the present invention apply not only to colloidal beads of 

a wide variety (ti»i««i no special pr^ve procedures to make tiiem magnetic for 
example). b« also to lipid vesicles and ceUs ti«« are decorated witii. or contain embedded 

mti««ro«erwaU.elti«r probe or target. n»e mediods of die present imrention may 
tiierefore be applied not only to bead-anchored sotoble proteins but potentially to integral 
membrane receptors or to cell surface receptors. 

In particular, tbt rapid assembly of cells in a designated area of tiie 
^'^^^te surface facilitate tiie implementation of highly 
30 assays. P««ent im^mtion makes it possible to expose cells to 
candidates m sototion ««l nqridly assemble them in ti« 
theelectrodesurfiu*, or toexposepre-assembted cells to such agemsti««^ 
ti« adjacent Kquid phase, m the simplest case. aU cells will be of ti« same type and 
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agents wiU be administeied sequratially. Bven in this sequential version, electiokinetic .. 
mixing will mhance througb-init. However, as described herein, the methods of the 
present invration also enable the parallel version of binding assays and thus of functional 
assays in a planar format by racoding the idratity of different cells by a "Layout- 
S Preserving Transfer*" process from an 8x12 well plate, as discussed herein, and to isolate 
cells scoring positive by providing feed-back from a spatially resolved imaging or sensing 
process to target a q)ecific location in the array of ceUs. 



Example VH - Separation and Sorting of Beads and Particles 
10 The pres»t invmdon can be used to implement several procedures for the 

sqxitation and sorting of colloidal particles and biomolecules m a planar geometry. 
Specifically, these include techniques of lateral sqnration of beads in mixtures. 
Individual beads may be removed from an array formed in le^nse to an electric field 
by the iqyplication of optical tweezers. 
IS The sqpaiation of oomponmts in a givra mixture of chemical compounds 

is a fundamental task of analytical chemistry. Similariy, biochonical analysis frequently 
calls for the separation of biomolecules, beads or cells according to size and/or surface 
charge by electrophoretic techniques, while the sorting (most commonly into just two 
sub>classes) of suspended cells or whole chromosomes according to optical prq)erties such 
20 as fluorescence emission is usually performed using field-flow fractionation including flow 
cytometry and fluorescence-activated cell sorting. 

In a planar geometry, bead mixtures undergoing diffusion have been 
previously sqxuated according to mobility by aiq)lication of an AC electric field in 
conjunction with lithograq[>hic patteming of the electrode surface designed to promote 
25 directicmal drift. Essentially, the AC or pulsing electric field is used to move small beads 
in a particular dfaection over a period of time. C^Dlary electn^horesis has been 
implemmted in a planar geometry, see e.g., B.B. Haab and R.A. Maflues, Anal. Chem 
67, 3253-3260 (1995), the contmts of which are incoiporated herrin by refermce. 

The methods of the presmt invention may be sq^lied in several ways to 
30 implement the task of sq)aration, sortitig or isolation in a planar geometry. In contrast 
tothefmorarts^iprDadies, the present invention provides a significant degree of flexibili- 
ty in selecting firom among several available procedures, the one best suited to the 
particular task at hand. In some cases, more than one separation techmque may be 
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applied, and this provides the basis for the implementation of twonlimensional separation. 
Tliat is, beads may be se]»nited accbiding to two different physical-chemica! 
characteristics. For example, beads may first be separated by size and subsequently, by 
raismg the applied frequency to induce chain formation, by polarizaWlity. TOs fiexibility 
offers particular advantages in the context of integrating analytical functionalities in a 
planar geometry. Several techniques will now be described. 

i) The present invention may be used to implement "sieving- in lateral, 
electric field-induced flow on surfaces patten«d by UV-mediated oxide legrowth to sort 
beads in a mixture by size. T1» fandamemal operations of the invention are im^ked to 
set up directed lateral particle motion along conduits laid out by UV-mediated oxide 
regrowth. Conduits are derigned to contain successivdy narrower constrictions th^^ 
which particles must pass. Successively finer stages allow only successively smaller 
particles to pass in this -sieving- mechanism (Kg. 9a). As shown in Rg. 9a, the primaiy 
particte flow is in tf« direction left to right, while a transverse fkm is e«^ 
15 toPtobottomdirectionutilizinganoxideprofileasshown. AdditionaU 

92 made from thick oxide are positioned along the conduit with the spacing between the 
barriers in each row decreasing in the transverse direction. As the particles move along 
the conduit, the rows of harriers act to separate out smaHer particles in the transverse 
direction. In contrast to previous methods based on dectrophoretic separation, la^^ 
20 <*«ricfidds. and the attendant potential problem of electroly^ 

dectnwsmotic flow in a direction opposite to the field^l^ the 
piBsent im^ttion uses AC electric fields and lateral gradiems in m^^ 
produce transport. ^ Present method has the advantage of avoiding electrolysis ami it 
takes explicit advantage of electroosmotic flow to produce and control particle transport. 
25 In addition, theuseofSi/SiOx electrodes enables the use of the light-control 

componentofthepresentimrentiontomodifylateraltransportofbeadsinrealto^ For 
example, extemaliltominationmay be emptoyedtolocaUy neutralize the^ 
gradient induced by UV-mediated oxide regrowth. Particles in these neutral "zones- 
would no longer «q«ience any net foree and come to rest. TWs principle may be used 
30 a^^l^^fortheimpIementationofaschemetolocaUycon^ 
bawls and thereby to improve lesohition in subsequent separation. 

ii) nie present invention may be used to implement "zone refining" 
a process of exctodmg minority components of a mixmre by size or shape from a growing 
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crystalline array of majority component. This process explicitly depends on the 
capabilities of the present invention to induce directional crystallization. 

The process of zone refming is employed with great success in producing 
laige single crystals of silicon of very high purity by excluding impurities irom the host 
lattice. The concq>t is familiar from the standard chemical pioceduie of purification by 
recrystallization in which atoms or molecules that are sufficiently different in size, sh^ 
or charge hom the host species so as not to fit into the fonning host crystal lattice as a 
substituticmal impurity, are ejected into solution. 

By raabling the growth of planar anays, in a given direction and at a 
controlled rate, the present invention fadlitates the implnsentaticm of an analogous zone 
refining process for planar arrays. Hie most basic geometiy is the linear geometry. A 
multi-component mixture of beads of different sizes and/or shapes is first cagitttred in a 
rectangular holding area on the surface, laid out by UV-patteming. Next, oystallization 
is initiated at one aid of the holding area by illumination and allowed to slowly advance 
across the entire holding area in response to an advancing pattmi of illumination. In 
general, differences of ai^roximateiy 10% in bead radius trigger ejection. 

iii) The presrat invration may be used to implement fractionation in a 
transverse flow in a manner that sqmates paiticles according to mobility. 

Field-flow fractionation refers to an entire class of techniques that are in 
wide use for the sqiaration of molecules or suspended particles. The principle is to 
sqxirate particles subjected to fluid flow in a field acting transverse to the flow. A 
category of such tedmiques is subsumed under the heading of electric-field flow 
fractionation of which fre&'flow dectrophoresis is a p^tinent example because it is 
compatible with a planar geometry. Free-flow electrcqdioreas employs the continuous 
flow of a replenished buffer between two narrowly spaced plates in the presence of a DC 
electric field that is applied in the plane of the bounding plates transverse to the direction 
of fluid flow* As they traverse the dectric field, diarged paitides are deflected in 
proportion to thdr electrophoretic mobility and collected in squoate outlets for subsequent 
analysis. In contrast to conventional electrq)horesis, free-flow electrqihoresis is a 
omtinuous process with high throughput and it requires no siqjporting medium such as a 
gel. 

The present invmtion enables the implementation of field-flow fractionation 
in a planar geometry. As previously discussed herein, impedance gradients imposed by 
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UV-oxide piDflling serve to mediate particle motion along the electiode surface in 
lesponse to the exienal dectric field. In a ceU with a nanow gap, the resulting 
electnddnetic flow has a -plug- profile and this has the advantage of exposing all particles 
to identical vah«« of the flow velocity field, theieby minimizing band distortions 
intioduoed by the paiabolic velqcfty profile of the laminar flow typically employed in 
free-flow dectiiq)h(nesis. 

A second flow field, transverse to the prinuuy flow direction, may be 
employed to mediate particle separation. TTus deflecting flaw may be generated in 
response to a second impedance gradiem. A conveniem method of hnposmg this second 
gradient is to take advamage of UV-oxide patterning to design appropriate flow fields 
Both longitudinal and transver^j flow would be redrcobting and thus p«mit cortimious 
operation even in a dosed ceU. in cortnst to any related prior art technique. 

Additional flexibility is afi^oided by invoking the light-comrol component 
of the present im^ to iUuminate the substrate with a stationaiy pattern whose 
hiteosity profite in the direction transverse to the primary fl«d flow is d^ 
the desired impedam* gradient and hence produce a transverse fluid flow. (Fig 9b) 
This has the significant advamage of pennitting selective activation of the transverse flow 

m response to the detection of a fluorescent bead crossing a monitoring window ups^ 
Noo-fluorescent beads would activate the transve,^ flow and would not be deflected 

Thwprocedurerepresentsaplanaramdog of flow cytometry.or fluorescence-activated cell 
sorting. 

iv) Hie invenUon may be used to imtoce die formation of particle chams 
in the direction normal to the plane of the electrode. The chams represent conduits for 
current transport between the electrodes and their formation may reflect a field-induced 
polarization. Chains are much less mobUe in transverse flow than are imiividualpartides 
sothatthisdfectmaybeusedtosqxiratepartidesaccordingtothesurfi^ 
contribute to the net polarization. Tl« efftd of reversible d«rin f<«mation has been 
demo«stratedunderthee,^rimentalcoaditiom.statedherem. Rir example. the reveraible 
formation of dainsoccun;. for caiboxylated polystyrene beads of lmi«^ at 
30 avoItageofl5V(pp)atftBipiendesincxces8oflMHz. 

V) "nwiiiventionmaybeusedtoisobtemdividualbead^ 
amy. *^ 

inuorescence bimling assays in a phmar array format, as described herein. 
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may produce singular, bright beads within a large array, indicating paiticulariy strcmg . 
binding. To isolate and r^eve the corresponding beads, optical tweezers in the form of 
a sharply focused laser ^t, may be employed to lock onto an individual bead of interest. 
The light-control component of the presrat invention may be used in conjunction with the 
S q^tical tweezers to retrieve such an individual bead by moving the array relative to the 
bead, or vice versa, or by disassembling the array and retaining only the marked bead. 
This is a rather unique capability that will be particularly useful in the context of isolating 
beads in certain binding assays. 

Conunerciai instrumrataticHi is available to position optical tweezers in the 
10 field of a microscope. laiger scale motion is fociUtated by tnmslocating the array in-situ 
or simply by moving the external sample fixture. Tliis process Imds itself to automation 
in conjunction with the use of peak-finding image analysis software and feedback control. 

vi) The invention may be used to implement a light-induced array 
sectioning ("shearing") op«alk>n to sq»rate fluorescent, or oth^wise delineated portions 
IS of an array from the remainder. This operation makes it possible to s^ment a given 
array and to isolate the correq[)onding beads for downstream analysis. 

The basis for the impl^entation of this array segmentation is the 
light-control componrat of the present invoition, in the mode of driving particles from an 
area of a Si/SiOx interface that is illuminated with high intensity. It is emphasized here 
20 that this effect is completely unrelated to the light-induced force on beads that underlies 
the action of optical tweezers. The present effect which cerates on large sets of 
particles, was dmonstrated und^ the experimental conditions stated herein using a lOOW 
illuminator on a Zeiss UENf microscope c^rated in q>i-illumination. A simple 
implementation is to superimpose, on the uniform iUumination pattern affiled to the entire 
25 array, a line-focussed beam that is positioned by manipulation of beam steering elem»ts 
external to the microscq)e. Beads are drivm out of the iUuminaled linear portion. Other 
implementations take advantage of two sq)arately controlled beams that aro partially 
supmmposed. The linear sectionii^ can be repeated in differ»t relative orirab^ 
shear and array. 

30 

Example Vm - Screening for Drug Discovery in Pbnar Geometry 

The fonctional elements of the present invention may be combined to 
implement procedures for handling and screening of compound and combinatorial libraries 
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in a planar fbnnat. TTie princqal requisite elements of this task are: sample and reagoit . 
delivoy from the set of original sample reservcnis, commonly in a foimat of 8x12 wells 
in a microtiter plate, into a planar cell; ^ikation of planar arrays of tai^s or of 
probe-target complexes adjacent to the planar electrode surface prior to or subsequent to 
5 pafoiming a binding assay; evaluation of the binding assay by imaging the q>atial 
distribution of nuuker fluorescence or radioactivity, optionally foDowed by quantitative 
pharmacokinetic measurements of affinity or binding constants; isolation of beads scoring 
positive, and removal from fiirther processing of other beads; and collection of spedGc 
beads for additional downstream analysis. The present invention lelates to aU of these 

10 ekanents, and the fundamental operations of the invention provide the means to 
ctHicatraiate these procedures in a planar fiormat. 

Acentral issue in the implementation of cost-effective strategies for modem 
therapeutic drag discoveiy is the design and implementation of screening assays in a 
manner facilitating high throughput white providing pharmacokinetic data as a basis to 

15 setect promising drug leads from a typically vast library of compounds. That is, 
molecular specificity for the target, characterized by a binding constant, is an important 
fector in the evaluation of a new compound as a potential therapeutic agent. Common 
targets include enzymes and receptors as weU as nudeic add Ugands displaying 
ch a r ac t aistic secondary structure. 

20 The emerging paradigm for lead discovery in pharmaceutical and related 

industries such as agricuttural Wolechnology. is the assembly of novel synthetic compound 
libraries by a broad variety of new methods of solid state "combinatorial" synthesis. 
Combinatorial chemistry refers to a category of strategies for the paiaUel synthesis and 
testing of multipte compounds or compound mixtures in solution or on soUd supports. 

25 For exampte, a combinatorial synthesis of a linear oligopeptkteomtainingnan^ 

would simultaneously create all compounds representmg the possibte sequence 
permutations of n amino acids. The most commonly employed implementation of 
combinatorial synthesis Idles on colloidal bead supports to encode reaction steps and thus 
the identity of each compound. Beads prefierred in current practice tend to be Uirge (up 

30 to 500 microns in diameter) and porous to maximize their compound stora^ 
they must be encoded to preserve the kientity of the compound they cany. 

Several methods of encoding, or binary encodmg, of beads are availabte. 
Two examptes are as foUows. First, beads may be labeled with short oligonudeotkies 
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such as the 17-meis typicaUy employed in hybridization experiments. The sequence of 
such short probes may be detennined by micioscale sequencing techniques such as direct 
Maxam-Gilbert sequencing or mass spectrometry. This encoding scheme is suitable when 
the taak calls for screening of libraries of nucleic acid ligands or oUgopeptides. Second, 
5 members of a combmatorial library may be associated with chemically inert molecular 
tags. In contrast to the previous case, these tag molecules are not sequentially linked. 
Instead, the sequence of nsaction steps is encoded by the fonnal assignment of a bmaiy 
code to individual tag mohxales and their mixtures that are attached to the b^ 
successive reaction step. ThetagsarereadUy identified by siandaid analytical techniques 

10 such as gas chromatography. This general encoding strategy is cuirenUy employed in the 
synthesis of combmatorial lil»aries <m oolhridai beads. 

Commereial cmnpoond libraries are bige, given that even for the 
aforementioned 17-mer. the number of sequence pennutations is 4*17, or approximately 
10*10. However, the high specificity of typical biological substrate-iaiget interactions 

15 implies that the vast najority of compounds in the coBection will be inactive for any one 
particular taiget. The task of screenmg is to select from this huge set the few potential 
lead compounds displaying activity in bmding or in fiinctional assays. The principal drag 
discovery strategy widely applied to natural compound libraries in the phannaceutical 
industry is to select individual compounds from the library at random and subject them 

20 to a series of tests. Systematic screening procedures arc thus required to implement the 
rapid screening and scoring of an entire Ubraiy of synthetic compounds, in practice often 
containmg on the order of 10*7 items. 

In current prac&», compounds are first deaved and duted from theur solid 
supports and are stored in microtitBr plates. Ftarthw sample handling in the courae of 

25 screenmg relies primarily on robotic pipetting and transfer between different containeis, 
typically wells in microtiter plates. While robotic woricstations represent a step in the 
direction of automating tiie process, tiiey rely on the traditional finrnat of miootiter plates 
containing 8x12 weUs and sample handling by pipetting and tiius represent merely an 
incremental operational improvement. A significant additional consideration is tiie need 

30 to conseive reagent and sample by reducing tiie spatial scale of tije analytical procedures. 

The present invention provides a set of operations to realize int^n^ 
sample handling and screening procedures for bead-based compound Ubraries in a planar 
fiormat. This wiU significantiy reduce time and cost due to reagent and sample volumes. 



41 

Hie principal advantage of the methods of the present invention is that they provide a 
laiBP set of fundamental openitions to manipulate sets of beads in a planar fonnai, 
pennitting the handling of beads between stations in a muW-step analytical pro^ 

In particular, as previously described herein, methods of the 
5 imrention fiidliiate the implementation of the following pertinent procedures: transfer of 
samples firom microtiter plates to a planar electnxjbemical ceU; fonnation of 
heterogeneous panels of target sites adjacent to the substrate surface; solid phase binding 
assays; and isolation of spcdRc beads from an anay. In addition, the fundamental 
operations of die present invention provide the means to concatenate these procedures on 
10 the sur&ce of a planar electrode. 

As described herein for hybridization assays, several variants are possible. 
That is. binding assays may be performed by aflowing protein taigets such as enzymes to 
bind to compounds on the surtK» of a bead, either in suspension or ananged in a 
array. <»nmon practice of combinatorial chemistry based on hige porous cam 
15 beads accmmnodates the coiicuneBt handling of smaUer beads to wlK^ 

compounds are awAored via inert chemical spacers. Such small beads (up to 10 microns 

indiameter)arereadUymanqMdatedbytiiemethodsoftiiepiBsentimf«^ Urgebeads 
are used as labeted compound storage containers. 

Aftematively, binding between target and a radioactively or odierwise 
20 labeIJedpH*e may occur in solution, wiUun microtiter plate wells, if 

already been cleaved from tiMdrsynUiesb support. In tf«t case, probe-taigct complexes 
may be captured by complexation to encoded beads in each weU, for example via the 
secondary antibody metiiod of coupling die protein target to a bead-anchored antibody 
Bead-capmred probe-taiget complexes are tiien transferred to die planar ceU for proximity 
25 anafysis and further processing as ilhwtrated in Fig. 10. As 

target complexes 102 are allowed to fonn in sototion. Antibody coated beads 104 are 
added to die sohition, resulting in a bead anchored complex 106. Tl» bead anchored 
complexes 106 are deposited omo electrode 108 from wdls 1 10, and a planar array of 
bead anchored complexes is fimned. When fluorescent probes 114 are used, dttse impart 
30 fluorescence to the bead anchored complex, fiualii^ 

The mediods and apparatus of die present invention are weU suited to die 
task of identifymg a small mmiber of positive events in a large set. TTie imaging of an 
entire amy of probe-target complexes is further enhanced by proximity to an area 
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detector, and by bead lensing action. The isolation of a small number of positive scores 
from the array is readily achieved, for example by qq>]ying opdcal tweezers, as described 
herein. The large remainder of the anay may then be discarded. This in turn 
considerably reduces the complexity of ai^lying more stringent tests, such as the 
5 determination of binding constants, because these may be restricted to the few retained 
beads. These tests may be directly applied, without the need for additional sample 
transfer to new containers, to the samples surviving the first sofeening pass. 

Exanq>le DC - Hybridization Assays in Planar Array Format 

10 The presrat invention can be used to implraimt solid phase hybridization 

assays in a planar array format in a configuration related to that of a protein binding assay 
in which target molecules are chemically attached to colloidal beads. The methods of the 
present invention &cilitate the formation of a planar array of different target 
oligcmucleotides for presentation to a mixture of strands in solution. Alternatively, the 

IS array may be formed subsequmt to hybridization in solution to facilitate detection and 
analysis of the qiatial distribution of fluorescence or radioactivity in the array. 

Considerable research and development is presentiy being invested in an 
effort to develc^ miniaturized instrumentation for DNA sample extraction and prq^aration 
including amplification, tianscrq)tion, labeling and fragmentation, with subsequent analysis 

20 based on hybridization assays as w^ as electrophoretic sqmation. Hybridization assays 
in planar array format are being developed as a diagnostic tool for the rapid detection of 
q>ecific single base pair mutations in a known segment of DNA, and for the d^imination 
of expression levels of cellular genes via analysis of the levels of corresponding mRNAs 
or cDNAs. Hybridization of two complemmtary sirigle strands of DNA involves 

25 molecular recognition and subsequnt hydrogm bond formation between correqxmding 
nucleobases in the two 0|^x>5ing strands according to the rules A-T and G-C; here A, T, 
G and C respectively represent the four nucleobases Adraine, Thymine, Guanosine and 
Cytosine found in DNA; in RNA, Thymine is replaced by Uracil. The formation of 
double-strand, or duplex, DNA requires the pairing of two highly negatively charged 

30 strands of DNA, and the ionic strragth of the buffer, along with tmiperature, plays a 
decisive role. 

As previously discussed herein, two principal m^hods to prqiare 
heterog^ieous arrays of target strands on the sur&ce of a planar substrate are 
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iDicio-dispeDsing ("printing") and in-situ. spatiaUy encoded synthesis of oUgonucleotides 
representing aUpossibfe sequence peimutations for a giv^ 

context, hybridization must necessarily occur in close proximity to a planar substiate 
sui«u» and this condition requires care if compUcations ftom steric hindiance and fiom 
5 non-specific binding of stiands to the substrate are to be avoided. Non-specific adsoiption 
can be a serious problem, especially in the presence of DC electric fields employed in 
current commercial designs that rely on electrophoretic deposition to accehaate die 
kinetics of hybridization on the surface. In addition. ti«re are the technical difficulties 
previously discussed herein, resulting fhmi steric hindrance and fhmi c«>llective effects' 
10 reflecting tiie crowding of probe stiands near die suifitte. 

In die context of DNA analysis, coUoidal (magnetic) beads are commonly 
used. For example, tiiey are employed to capture DNA m a widdy used screening 
precedure to select cDNAs ftom clone libraries. SpedficaUy. cDNAs are aUowed to 
hybridize to sequences within long genomic DNA ti«t is subsequentiy anchored to 
magnetic beads to extract Uie hybridized cDNA ftom the mixture. 

The present invention fedlitates die formation of planar arrays of 
ol|gom«leotide^raled coUoidal beads, dtiier prior to or subsequent to hybridization 
of a fluorescence prebe strand to the bead-anchored target strand or subsequent to hybrid- 
ization in ftee aohition and bead capture of ti,e end-fanctionalized target strand In 
contrast to prior art medwds. ti» present invention docs not require hybridization to occur 
m d» vicmity of planar substrate surface, aldumgh this is an option if bead-anchored 
piobe strands are to be delivered to substrate-anchored target strands. 

The ability to perform hybridization eidwr m sohrtion, on fl» suifece of 
mdrvidual beads, or at die substrate surf'ace provides an m^recedemed degree of 
flexibility, m addition. d.e advantages of bead arrays, as described hereto, make it 
feasible to select ami isolate individual beads, or groups of beads, fiom a larger array on 
die basis of die score fa a hybridization as«iy. ihis isohtion facilitates d« 
nnplementationofsubseqnentassaysonfl^strandsofmterest. The fact fliat beads remam 
mobile also means d«« bead, of faterest may be collectedmdesigm^ 
"i'^^sequendng. or may be moved to an area of substrate designated for PGR 
amplification. 

•lUe medKKis of d» present im^ „„,y be used to implement a 
hybridization assay fa a planar, array fonnatm one of two principal v^^ All 
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involve the presence of the ratiie repeitoiie of beads in the planar amy or panel formed . 
adjacent to the electrode surface for parallel read-out. As with heterogeneous panels in 
general, the arrangement of beads within the array is either random (with req)ect to 
chemical identity), and the identity of beads scoring high in the binding assay must be 
S detennined subsequently, or it is spatially mcoded by invoking the "Layout-Preserving 
TnmsfOT* mediod of sample loading described herein. 

The former variant is readily implemented and accommodates array 
formation either prior to or subsequent to p^orming the trinding assay. For example, 
binding may be performed in suspmsion before beads are assembled into the array. As 
10 with the aforementioned cDNA selection procedure, the mrtfaod of the present invmtton 
also acconunodates the use of beads as capture demrats for end-fiinctionalized target 
DNA, for example, via biotin-strqitavidin complexation. In ttiis latter case, beads smve 
as a delivery vdiide to collect all probe-target complexes to the electrode surface where 
they aie asseinbled into an array for ease of analysis. In particular, proximity CCD 
IS detection of beads on electrodes will benefit from the Imsing action of the beads in the 
array. This version of the assay is preferably used if only a small number of positive 
scores are expected. 

Hybridization to a pre-fonned bead array can take advantage of a variant 
of the assay which preserves q»tial encoding. An array of bead clusters is formed by the 
20 "Layout-Preserving Transfer" method previously described herein, and exposed to a 
mixture of cDNAs. The resulting spsLiM distribution of fluorescence intrasity or 
radioactivity reflects the rdative abundance of cDNAs in the mixture. This procedure 
relies on the detecticm of a charact^istic fluorescence or othor signal from the probe-target 
complex on the surface of a single bead. Giv» the fact that the array is readily held 
25 stationary by the methods of thepresmt invention, image acquisition may be extraded to 
attain robust slgnal-to-noise for detectk>n of low level signals. For example, a signal 
genmted by a bead of 10 micron diameter with at most 10^8 probe^target complexes on 
the sui&ce of the bead may be detected. Bead tensing action also aids in detection. 

As with the implemratation of drug serening, the functional dements of 
30 the present invention may be combined to perform multq[>le prqxtrative and analytical 
procedures on DNA. 



Example X - Alignment and Stretching of DNA in Hectric Field-Induced Flow 
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nie present invention can be used to position high-molecular weight DNA 
in its coiled configuiation by invoking the fundamental opemtions as they apply to other 
colloidal particles. However, in addition, the electrokinetic flow induced by an electric 
field at a pattemed electrode surface may be employed to stretch out the DNA into a 
5 linear configuration in the direction of the flow. 

Procedures have been recently introduced which rely on optical imaging to 
constmct a map of cleavage sites for restriction enzymes along the contour of an elongated 
DNA molecule. This is genendly known as a "restriction map-. Hiese procedures, 
which facilitate the study of the interaction of these and other proteins with DNA and may 

10 also lead to the developmem of techniipies of DNA sequencing, depend on the 
stretch and align DNA on a planar substrate. 

For individual DNA molecules, this has been previously achieved by 
subjecting tiie molecule to dongational forces such as those exerted by fbiid flow, 
magnetic fields acting on DNA-anchored magnetic beads or capillary forces. Fo^ 

15 DNA -combs- have been produced by simply placing DNA molecules u^ 

evaporating droplet of electrolyte. If provisions are made to promote tbo chemical 
attachment of one end of the molecule to tiie suifece. die DNA chain is stietched out as 
tiie receding line of contact between the shrinking droplet and tiie suifece passes over tt« 
tetiHaed molecules. THis leaves behind diy DNA molecules that are attached in random 
positions wittrin ti» substrate area initially covered by tiu: droplet, stretched out to vaiying 
degrees and generally aligned in a pattern of radial symmetnr reflecting ti.e droplet shape. 
Linear -broshes'. composed of a set of DNA molecules chemicaUy tetiiered by one end 

to a common line of anchoring points, have also been previously made by aligning and 
stretching DNA molecules by dielectrophoresis in AC electric fields applied between two 
25 metal electrodes previously evaporated onto tiie substiate. 

nie present invention invokes electrokinetic flow adjacent to an electrode 
patterned by UV-mediated regrowtii of oxide to provide a novel iw»roach to ti« placement 
of DNA molecules in a predetennined arrangement on a planar electrode suifi^ andto 

tiie stietching of tiie molecules from ti«ir native coU configuration into a stretched linear 
30 configurationtiatisalignedinapre^letennineddirection. TOs process is shown In Rg 

11 and is acconvlished by creating conUDlled gradiems in U« flow vicinity 
dmiensionoffl^DNAcoil. Tl« velocity gradiem causes different portions of tiie coU 
tomoveatdifferentvelocitiesfl«rebystielchingoutthecoil. By maintaining a stagnation 
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point at zero velocity, the stietdied coil will be fixed in position. This method has several 
advantages over the prior art ajqxroadies. First, DNA molecules in their coiled state are 
subjected to light control to form anays of desired shape in any position on the surface. 
This is possible because large DNA from cosmids or YACs forms coils with a radius in 

5 the range of one micron, and thus acts in a manner analogous to colloidal beads. A set 
of DNA molecules may thus be steered into a desired initial arrangement. Second, 
UV-patterning ensures that the dongational force created by the electrokinetic flow is 
directed in a predetermined direction. The presence of metal electrodes in contact with 
the sample, a disadvantage oi the dielectrophor^c prior art method, is avoided by 

10 eliminating this source of contamination that is difRcult to control especially in ttie 
presence of an electric field. On pattmied Si/SiQx electrodes, flow velocities in the range 
of several microns/second have been generated, as required for the elongation of single 
DNA molecules in flow. Thus, gradimts in the flow field det^mines both the fractional 
elongation and the oriratation of the emergmg linear ccHifigunition. Third, the presrat 

IS inventicm facilitates duect, real-time control of the velocity of the electric field-induced 
flow, and this in turn conveys explicit control over the fractional elongation. 

While the invention has been particularly shown and described with 
r^erence to a preferred embodimrat thereof, it will be understood by those skilled in the 
art that various changes in form and details may be made therein without departing fn»n 

20 the spirit and scope of the invention. 
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1 1. A method for maiuiRihtii^partfclessii^^ 

2 an electrode and an electrolyte solution, the method comprising the following steps: 

3 eenerating an electric field at an interface between an electrode and an 

4 electrolyte solution; 

5 patterning either the surface or interior of said electrode to modify its 

6 electrochemical properties; and 

7 iUuminating said surface widi a predetermined light pattern to control 

8 the movemem of said particles in accordance with said piedetermfaKrfUghtp^ 

9 electrodiemical properties of said electrode. 

1 2. 'niemetiiod of claim l.wherem said electric field is at least one of a 

2 constant and a time varying electric field. 

J 3. TlKinethodofdahnl. wherein said patterning step is perfo^ 

2 «teast one of UV-mediated oxide regrowth. surface chemical patterning and s^^ 

3 densify profiling. 

1 4. The method of chum 1, wherein said electrode is a light sensitive 

2 electrode. 

1 5. The method of claim 1. wherein said iUuminating step is performed 

2 using at least a single, spatially moduhtted light source. 

1 6. Themethodofctohn 1. wherein the iUuminating s*^ comprises the 

2 further step of: 

3 Utanunating a selected area of said electrode to cause the 

4 particles to move mto said selected area. 

1 7. The method ofcUuml.wheiem the Uhmiinatingstq, comprises the 
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2 fiutfaer step of: 

3 iUuminating a selected area of said electrode surface with a high 

4 intensity light pattern so as to cause Ae particles to move out of said selected area. 

1 8. The method of claim 1 , wherem said illuminating step is tune varying. 

1 9. The method ofclaim 8, wherein a traveling transverse constriction wave 

2 is established along said electrode. 

1 10. The method of claim 1, wherein the patterning step comprises the 

2 further step of: 

3 creating a selected area of low impedance on said electrode to cause the 

4 particles to move into said selected area. 

1 11. The method of clahn 10, wherein the frequency of said electric field 

2 is adjusted m order to place particles at the boundary delineating said area of low mipedance. 

1 12. The method of claun 1» wherein die patterning step comprises the 

2 further step of: 

3 providing said surface with low impedance except for a selected area 

4 to cause the particles to move out of said selected area. 

1 13. The method of claim I, wherein said patterning step is used to create 

2 first and second areas of low impedance on said electrode* and said illuminating step is used 

3 to selectively connect said first and second areas to cause said particles to selectively move 

4 between said first area and said second area. 



1 

2 
3 



14. The method of claim 1, wherein said patterning step is used to create 
first, second and thud areas of low impedance on said surface, and said illuminating step is 
used to selectively cause said colloidal particles to move from said first and second areas into 



wo 97/40385 

4 said third area. 



49 



PCT/US97/mi59 



1 15. Themelhodofclaiml. wherein said patten^ 

2 fiK^s«»iid and third areas of low impedance on said surfaw^ 

3 ^ to selectively cause saM particles to separate and move ftom said fu« 

4 second and third areas. 

I 16. The method of claim 1. further comprising the foUowing steps: 

^ ^ Pa«em on said electrode, said pattern inchiding a 

3 narrow conduit connected to a wide area; and 

* a substantiaUyconstam. reduced thiclmessox^ 

5 electrode, saidreducedthicknessoxidesuhstamiallycorrespondi^g 

6 said wide area. 



4 

5 
6 



1 17. The method of claim 1. further comprising the foUowing steps: 

2 defining a pattern on said electrode, said pattern mcluding a 

3 narrow conduit; and 

fiwniing a variable thickness oxide on said electrode, said 
variable thickness oxide correq)onding substamially to said narrow conduit and increasing 

f««i a first thickness at a first end of said narrow conduit to a second thickn^ 
7 end of said narrow conduit. 

1 18. Themethodofclaimn.whereinsaidvariablethicknessoxideincreases 

2 substantiaUylineariyfix)m said first thickness to said second thickness. 

1 19. A method of transverse clectrokinetic movement of particles at an 

2 mterface between an electrode and an electrolyte sotation. the method comprising the 

3 following stqis: 

^ providing a light-sensitive electrode and an electrolyte solution; 

generating an electric field at an interface between said electrode 
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6 and said electrolyte solution; and 

7 illuminating said electrode with a pred^rmined light pattern to 

8 form lateral gradients in the electrochemical properties of said electrode to control the 

9 movement of said particles in accordance with said illumination pattern m a direction 
10 substantially orthogonal to the direction of said electric field. 

1 20. A method of transverse electrokinetic movement of particles at an 

2 interface between an electrode and an electrolyte solution, the method comprising the 

3 foUowiiig steps: 

4 providing an electrode and an electrolyte solution; 

5 generatiiQ an electric field at an interface between said electrode 

6 and said electrolyte solution; and 

7 patterning said electrode to form latnal gradients in the 

8 electrochemical properties of said electrode to control the movement of said particles in 

9 accordance with said pattern created in said electrode in a direction substantially orthogonal 

10 to the direction of said electric field. 

1 21. A sorting apparatus for implementing the differential lateral 

2 displacement of particles suspended at an interface between an electrode and an electrolyte 

3 solution, said apparatus comprising: 

4 an electric field generator which generates an electric field at 

5 said interface; 

6 an electrode; 

7 an electrolyte solution having a substantially continuous flow 

8 which effects the displacement of said particles in a direction substantially parallel to said 

9 interface; 

10 said electrode being patterned and having its electrochemical 

1 1 properties modified; 

12 an illumination source which illuminates said electrode with an 

13 adjustable, predetermined light pattern; and 
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a plurality of particles located in said electrolyte solution, said 

15 particles being acted upon by a combination of forces arising ftom said substantially 

16 continuous electrolyte flow and from said electric field in accoidance wifli said predetennined 

17 light pattern and said electrode electrochemical properties, said particles being displaced to 

18 accoidance with variations in die physical and chemical properties which detennine the 

19 mobility of said particles. 

1 22. The sorting apparatus of claim 21, wherein said patterning includes a 

2 plurality of rows of intennittentiy spaced barrier areas of high impedance, the intennitte^ 
spacing of the barriers decreasing fixm one row to the next, said rows being positioned 

4 transversely across said electrode; 

5 said electrode being fimher pattenied to include an impedance 

6 profile characterized in that said impedance profile decreases in the direction across said 

7 electrtKle, said unpedance profile having a high vahie at one side of said electrode 

8 conespondii« to the row of harriere having the hu^est rntennittem spacing, an^ 

9 atanoppositcsideofsaidelectK)deconespondmgtotherowofbarriershavingthesm^ 
10 intermittent pacing; 

said electric field causing said particles to move in a direction 

12 substantiaUy transverse to said electrolyte flow in accordance with said variati^ 

13 between said first and second sides of said electrode, said rows of mtermittentiy spaced 

14 »Mniersactii« to separate particles by size in accoidance with ^ 

15 rows of barriers. 



1 23. The sorting appanuus of claim 21. wherein said electnxle is a light 

2 sensitive electrode. 



1 24. The sorting apparatus of chiim 21. wherein said impedance profile is 

2 created by a predetennined illumination pattern. 



1 



25. The sorting iqq)arams of claim 21 , wherein: 
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2 said electrode patteniiqg includes an area of low impedance 

3 bordered by an area of high impedance, said low impedance area including a narrow conduit 

4 in communication with a wide conduit, both said conduits being oriented parallel to the 

5 direction of said continuous flow of said electrolyte; 

6 said wide conduit including a row of intermittently spaced areas 

7 of high impedance barriers traversing the width of said wide conduit; 

8 a portion of said plurality of particles being optically 

9 distiiiguishable from the lemainiqg particles; 

10 a d^ector for visually inspecting said particles traversing the 

11 lei^ of said narrow conduit in response to said continuous flow of electrolyte; 

12 said illumination pattern beiiig substantially in the shape of a 

13 rectangle having a longer dimension adjusted to be substantially equal to the width of said 

14 wide conduit, said rectaqgle havmg a smaller dimension which is adjusted to be substantially 

15 equivalent to the diameter of said particles, said pattern being located in front of said barriers, 

16 and said illumination pattern conforming to an intensity profile placing a maximal value of 

17 intensity in the center of said wide conduit and decreasmg symmetrically to lower values of 

18 intensity at the two sides of said wide conduit; and 

^9 a delay activation circuit which activates said illumination profile 

20 in response to a signal derived from said visual inspection of said particles so as to cause an 

21 illuminated particle to be displaced from regions of maximum intensity to regions of lower 

22 intensity of said intensity profile and to be deflected into the intermittent spaces between said 

23 barriers. 

1 26. A method of dynamically assonbling and disassembling an array of 

2 particles at an interface between an electrode and an electrolyte sohition, the method 

3 comprisii^ the following steps: 

4 providing an electrode, an electrolyte solution and an mterface 

5 therebetween; 

6 providing a phtrality of particles located in said electrolyte 

7 solution; 
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^ patterning said electrode to include at least one area of modified 

9 electrochraiical propeities; 

^® illuminating said electrode with a predetermined light pattern; 

^ ^ gwierating an electric field at said interface to cause the assembly 

12 of an array of particles in accordance with the predetermined light pattern and die 

13 electrochemical properties of said electrode; and 

temoviAg said electric field to cause the disassembly of said 

IS array of particles. 

1 27. The method of clahn 26, wherein said predetermined light pattern is 

2 adjusted to reconfigure said paitide array in accordance widi said predetermined light p^ 

* 28. The mediod of claun 26. wherein said particle array is compositionaUy 

2 random and said particles are chemicaUy encoded to inchide chemically or physically 

3 distinguishable characteristics. 



1 29. A method of foimiug a spatially encoded array including multiple types 

2 of particles suspended at an mterface between an electrode and an electrolyte solution, said 

3 mediod comprising the following stq>s: 

* providing an electrode and an electrolyte solution; 

providing multiple types of particles, each type beiijg stored in 
accordance witfi chemically or physically distinguishable particle characteristics in one of a 
plurality of reservoirs, each reservoir containing a plurality of like-type particles suspended 

8 in said electrolyte sohition; 

9 providing said reservoirs in die form of an MxN grid 
10 anangemem; 

pattennug said electrode to define MxN compartments 
12 corre^nding to said MxN grid of reservoirs; 

depositing MxN droplets from said MxN reservoirs onto said 
corresponding MxN compartments, each said droplet originating from one of said reservoirs 



5 
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15 and lemaining confined to one of said MxN compartments and each said droplet containing 

16 at least one particle; 

17 positioning a top electrode above said droplets so as to 

18 simultaneously contact each said droplet; 

19 generating an electric field between said top electrode and said 

20 MxN droplets; 

21 using said electric field to form a particle array in each of said 

22 MxN conq[>artments» each said particle array remaining spatially confined to one of said MxN 

23 droplets; 

24 iUununating said MxN compaitments on said pattmied electrode 

25 with a predetermined light pattern to maintain the position of said particle arrays m 

26 accordance with said pred^ennined light pattern and the pattern of MxN compartments; and 

27 positioning said top electrode closer to said electrode thereby 

28 fusing said MxN droplets into a continuous liquid {Aase, while maintaiTring each of said MxN 

29 particle arrays in one of the corresponding MxN conqiartmrats. 

1 30. The method of claim 29, wherein said compartments are hydrophilic 

2 and the remainder of said electrode surface is hydrophobic. 

1 3 1 . A method of forming an optical lens array including particles suspended 

2 at an interface between an electrode and an electrolyte solution, said method comprising the 

3 following steps: 

4 providing an electrode and an electrolyte solution having an 

5 interface thmbetween; 

6 providing a plurality of particles located in said electrolyte 

7 sotaition; 

8 patterning said electrode to mchide at least one area of modified 

9 ni^)edance; and 

10 generatipg an electric field at said interface to cause said 

11 particles to assemble into an ordered array within said area of modified impedance. 
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1 32. The method of claim 31, wherem said lois anay is used to enhance 

2 light collection from said electrode surfece. 



1 33. The method of claim 31, wherein said lens array acts to magnify the 

2 size and intensity of small particles imdemeath said lens array. 



1 34. The method of claim 31. wherein said lens array comprises laig< 

2 particles on die order of 10 microns in diameter and said smaU particles have a diameter 

3 the order of 1 micron. 



9 
10 



on 



1 , 35. A diffraction grating formed using particles suspended at an interfjice 

2 between an electrode and an electrolyte solution, said grating comprising: 

3 an electrode and an electrolyte solution having an interface 

4 dierebetween; 

5 a phuality of particles located in said electrolyte solution, said 

6 particles including large particles and small particles; 

said electrode being patterned to inchide at least one area of 

8 modified in^)edaoce; and 

an electric field generator which generates an electric field at 
said interfiice causing said large and small particles to assemble imo an anay. said small 

11 particles being located between said large particles to create a lat^j particle separation 

12 distance corresponding substantially to the size of said small particles, said lai^e particle 

13 separation distance also detennining the spatial frequency characteristics of said diffraction 

14 ««»i°g. said frequency characteristics being adjustable in depe«^ 

15 particles. 



1 36. An critical display formed using particles suspended at an interface 

2 between an electrolyte solution and an ehwtrode. said display coinprising: 

an electrode and an electrolyte sohition having an interface 



3 

4 dierebetweai; 
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5 a plurality of particles located in said electrolyte solution, said 

6 particles including large particles and small particles; 

7 said electrode being patterned to include at least one area of 

8 modified impedance; 

9 an electric field generator which generates an electric field at 

10 said interface causing said large particles to assemble in accordance with the impedance of 

11 said patterned electrode, said electric field generator generating a time varying electric field 

12 causmg said small particles to selectively move imder said large particles to form an on-pixeU 

13 and also causing said small particles to selectively move away from said large particles to 

14 form an off-pixel in accordance with a selected frequency of said time varying electric field. 

1 37. A bioanalytical assay inq;>lemented using at least one array of particles, 

2 said particles being suspended at an interface between an electrode and an electrolyte sohition, 

3 said assay comprisiQg: 

4 an electrode and an electrolyte solution therebetween; 

5 a plurality of molecules located in said electrolyte, said 

6 molecules including a first type of molecule and a second type of molecule; 

7 a biochemical protocol implementation unit which effects a 

8 biochemical interaction between said first and second types of molecules, said interaction 

9 resulting in the formation of paired entities, and said implementation unit operating to detect 

10 the formation of said paired entity; 

11 a phirality of particles located in said electrolyte solution; 

12 an electric field graerator which generates an electric field at 

13 said interface; 

14 said electrode being patterned to inchide. at least one area of 

15 modified electrochemical properties; and 

16 an illumination source positioned to illuminate said surface with 

17 a predetermined light pattern to control the movement of said particles in accordance with 

18 said predetermmed light pattern and the electrochemical properties of said electrode. 
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1 38. A method of inq)IeinMitiiig a bioanalytical assay using at least one am 

2 of particles, said particles being suspended at an interface between an electiode and an 

3 electrolyte solution, said method coaq)rising the following steps: 

4 IHDviding an dectrode and an electrolyte solution dierebetween; 

5 providing a pluraUty of molecules, said molecules including a 

6 first type of molecule and a second type of molecule; 

7 performing a biochemical protocol to effect the biochemical 

8 interaction between said first and second types of molecules, said interacti^ 

9 fonnation of paired entities, said protocol including die additional step of detecting die 
10 formation of said paired entities; 

* ^ providing a plurality of particles in said electrolyte solution; 

gmerating an electric field at said interface; 

" I»««™ng said electrode to include at least one area of modified 

14 electrochemical properties; and 

iJhuninating said suriace witii a predetermined light pattern to 

16 contixil die movemem of said particles in accordance with said predetermined ligh^ 

17 and die electrochonical {Hoperties of said electrode. 

1 39. TTie mediod of claim 38. further comprising die step of marking 

2 individual distinguishable particles wifliin said particle array by initiating a photochemical 
color-reaction m response to targeting said particles witii a focused iUmnination source. 



3 



1 40. The metiKxl of claim 38. farttier comprising UK step of reH^mfiguring 

2 particle using mteractiveadjusmients of said predetermined ilhmi^ 

3 distinguishable particles widiin said anay. 



1 41. 

2 



ThenieUiodofcIaim38,fiirthercomprismgflie foUowing steps: 

providii« a plurality of particles, each portion of said plurality 
3 having a plurality of a distinct type of molecule; 

* an array of said plurality of particles having said types 
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5 of molecules, in accordance with said predetermined light pattern and the electrochemical 

6 properties of said electrode; 

7 admitting a plurality of an additional type of molecule into said 

8 electrolyte sohition under conditions favoring formation of paired entities with molecules on 

9 the surface of particles in said particle array; and 

10 detecting the formation of paired entities on surfaces of a subset 

11 of particles assembled into said particle array, said paired entities thereby becoming 

12 distinguishable. 

1 42. The method of claim 38, further comprising the foUowmg steps: 

2 providing a particle array including a plurality of types of 

3 particles, each ^pe of particle having a phuality of a distmct type of molecule, said types of 

4 molecules being potentially c^ble of interacting with said molecules in solution to form 

5 paired entities; 

6 providing said particles with a plurality of one type of molecule 

7 in said electrolyte solution under conditions favoring formation of paired entities widi 

8 molecules on the surface of said particles; 

9 forming an array of said particles in accordance with said 

10 predetermined light pattern and the electrochemical properties of said electrode, said particles 

11 having either an unpaired type of molecule or a paired entity, said paired entities rendering 

12 particular types of particles distinguishable; and 

13 detecting said paired entities on surfaces of a portion of said 

14 particles assembled into said particle array. 

1 43. The method of clahn 38, further conq[)rising the following steps: 

2 attachingaplurality of types of molecules to the surface of said 

3 particles, each said particle having a plurality of molecules of one type; 

4 attadiing a single distinct type of molecule to said electrode 

5 surface; 

6 introducing a plurality of said particles having a plurality of 
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7 types of molecules into said electrolyte solution; 

8 forming an array of said particles in accordance with said 

9 predetermined light pattern and the electrochemical properties of said electrode surface under 

10 conditions favoring the biochmical interaction and formation of a paired entity between 

11 molecules on said particles and molecules on said electrode surface; and 

12 disassembling said particle array, retaining and thereby selecting 

13 from the plurality of types of molecules initially introduced only those particles having 

14 specific types of molecules of demonstrated biochemical affinity for molecules on said 

15 electrode surface. 

1 44. The method of claim 43, wherein said particles include 

2 antibody-producing cells. 

1 45. The method of claim 38. further comprising the following steps: 

2 attaching a phuality of types of molecules to the surface of said 

3 particles, each said particle having a phuality of molecules of one type; 

4 attachmg a single distinct type of biological target to said 

5 electrode sur£ace; 

6 introducing a plurality of said particles having a plurality of 

7 types of molecules into said electrolyte solution; 

8 forming an array of said particles in accordance with said 

9 predetermined light pattern and the electrochemical properties of said electrode surface; 

releasing molecules from said particles at a predetermined 

11 location by separating said molecules from said particles in response to a chemical or 

12 photochemical stimulus under conditions favoring tiie biochemical interaction and formation 

13 of paired entities between molecules released from said particles and biological targets 

14 di^layed on said electrode surface; and 

marking for identification such types of said particles having 

16 molecules which when released cause a detects 
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1 46. The method of claim 45, wherein said biological cargets include cells 

2 grown in culture on said electrode, said cells being modified in a detectable way by exposure 

3 to said first type of molecules released from said particle array. 

1 47. The method of claim 38, furtter comprising the foUowing steps: 

2 placing the first and the second of said types of molecule in said 

3 electrolyte solution under conditions favoring the biochemical interaction and fonnation of 

4 paired entities of said molecules; 

5 providu^ a plurality of said particles to capture said paired 

6 entities in solution; and 

7 formii^ an anay of said particles displaying said paired enthy 

8 m accordance with said predetermined light pattern and the electrochemical pixq)erties of said 

9 electrode surface. 

1 48. The method of claim 47, wherein said particle capture is followed by 

2 ttie formation of a ^atially encoded array of a plurality of types of distinct paired entities 

3 initially stored in a set of MxN distinct reservours of solution. 



1 49. The method of claim 38, wherein said paired entities include at least 

2 one of receptor-ligand, antibody-antigen and en^rme-substrate. 

1 50. The method of claim 38, wherein said paired entities include matrhing 

2 strands of oligonucleotides or strands of DNA or RN A, and formation of said paired entities 

3 involves hybridization. 



1 51 . A mediod for performiiig multiple chemical and biochemical analytical 

2 procedures using at least ok particle array, said method comprising the followmg steps: 

3 providmg an electrode and an electrolyte solution having an 

4 interface thereb^ween; 

5 generating an electric field at an interface between an electrode 
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6 and an electrolyte solution; 

7 P^t^^'rau^saidelectrodetomodifytheelectrochemicalpro^^ 

8 of said electrode; 

9 ilhuninating said surfiice with a predeteimined light pattern to 

10 «>««>lttemoveawnt of said particles in accordance 

11 and the electrochemical properties of said electitxie; 

performing a first procedure on a portion of said particles to 
13 produce a first reaction set of particles; 

said first reaction set of particles in accordance with 

1^ said predetermfaied light pattern; and 

performing a second procedure on said first reaction set of 

17 particles to produce a second reaction set of particles. 

1 52. Tbt method of claim 51. wherein said performing and isolating steps 

2 a«n«enictively controlled in real time by way of an ad^^^^ 

1 53. The method ofclaim 51. wherein said performing and isolating steps 

2 are dynamically reconfigurable. 

1 54. A method of manipulating nucleic acid, including DNA or RNA. 

2 conqnising die following steps: 

3 P"»^'^*°8^ electrode, an electrolyte solution and an interface 

4 therebeiweeu; 

^ providing a plurality of nucleic acid molecules m said electrolyte 

6 «>iution. said nucleic acid molecules being in a coiled configuration; 

^ generatiqg an electric field at said imerface to cause the 

8 movement of said particles; 

,1 , , areas of modified 

0 ^^-ical pn,perties Which in co^^^^ 

11 «™^-«««owvelocityacrossthenucleicacid.saidvelocity^^^^ 
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12 portions of the nucleic acid to move at different velocities such that the nucleic acid is 

13 stretched in the direction of the local velocity gradient; and 

14 mamtaining a stagnation point of zero velocity such that the 

15 nucleic acid is substantially fixed in position. 

1 55. The method of claim 54» wherein said electrode is a light-sensitive 

2 electrode. 



1 56. The method of claim 54, wherein said velocity gradient and said 

2 stagnation point are created by a predetermined pattern of illumination. 

1 57. An ^aratus for the mampulation of particles suqiended at an imerf ace 

2 between an electrode and an electrolyte solution, said apparatus comprising: 

3 an electrode and an electro^ solution; 

4 an electric field generator for generating an electric field at an mterf ace 

5 between said electrode and said electrolyte solution; 

6 said surface or interior of said electrode being patterned to modify its 

7 electrochemical properties; and 

8 an illumination source which illuminates said surface with a 

9 predetennined light pattern to control the movement of said particles in accordance with said 
10 predet^mined light pattern and the electrochemical properties of said electrode. 

1 58. An apparatus for the transverse electrokinetic movement of particles at 

2 an interface between an electrode and an electrolyte solution, said sq;>params comprising: 

3 a light-sensitive electrode and an electrolyte solution; 

4 an electric fkld generator which generates an electric field at an 

5 interface between said electrode and said electrolyte solution; and 

6 an illumination source which illuminates said electrode with a 

7 predetermined light pattern to form lateral gradients in the electrochemical properties of said 

8 electrode to control the movement of said particles m accordance with said illumination 
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9 pattern in a direction substantially orthogonal to the direction of said electric field. 

1 59- A sorting inettiod for implementii^ the differential lateral displacem 

2 of particles suspended at an interface between an electrode and an electrolyte solution, said 

3 method comprising the following steps: 

4 providing an electrode; 

5 providing an electrolyte solution having a substantially 

6 continuous flow which effects the displacement of said particles in a direction substantially 

7 parallel to said interface; 

8 generating an electric field at said interface; 

9 pattraiiiig said electrode m order to modify its electrochemical 
10 properties; 

iBuminatii^g said electrode with an adjustable, predetermined 

12 light pattern; and 

providiiig a plurality of particles located in said electrolyte 

14 solution, said particles being acted upon by a combination of forces arising from said 

15 substantiaUy continuous electrolyte flow and from said electric field m accoidance with said 

16 predetemuned light pattern and said electrode electrochemical properties, said particles being 

17 disphiced in accordance with variations in tiie physical and chemical properties which 

18 determine tte mobility of said particles. 

1 60. An apparatus for dynamically assembling and disassemblmg an array 

2 of particles at an interface between an electrode and an electrolyte solution, said apparatus 

3 comprising: 

^ an electrode, an electrolyte solution and an interface 

5 dierebetween; 

6 a plurality of particles located in said electrolyte sohition; 

7 said electrode being patterned to include at least one area of 

8 modified electrochemical properties; 

9 an ilhimination source which illuminates said electrode with a 
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10 predetennined light pattern; 

an electric field generator which generates an electric field at 

12 said mtcrfece to cause the assembly of an array of particles in accoidance with the 

13 predetennined light pattern and the electrochemical properties of said electrode; and 

1^ an electric field removal unit which removes said electric field 

15 to cause the disassembly of said array of particles. 

1 61 . An ai^aratus for fonning a spatially encoded array including multiple 

2 types of particles suq)ended at an interface between an electrode and an electrolyte solution, 

3 said apparatus comprising: 

4 an electrode and an electrolyte solution; 

5 multipletypes of particles/each type being stored m accords 

6 with chemically or physically distinguishable particle characteristics m one of a phirality of 

7 reservoirs, each reservoir containing a plurality of lite-type particles suspended in said 

8 electrolyte solution; 

9 said reservoirs bemg arranged in the form of an MxN grid 

0 arranganoit; 

1 said electrode being patterned to define MxN compartments 

2 corresponding to said MxN grid of reservoirs; 

3 MxN droplets which are deposited from said MxN reservoirs 

4 onto said corresponding MxN compartments, each said droplet originating ftom one of said 

5 reservoirs and ranaining confined to one of said MxN compartments and each said droplet 
containii^ at least one particle; 

a top electrode positioned above said droplets so as to 
8 shnultaneously contact each said droplet; 

an electric field generator which generates an electric field 
20 between said top electrode and said MxN drq>lets; 

said electric field being used to form a particle array in each of 

22 said MxN compartments, each said particle array temainmg spatially confined to one of said 

23 MxN droplets; 
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24 smiUuminaaonsouicewhichahiiiii^ 

25 on said patterned dectrode with a predet^^ 

26 panicle anays in accoidance with said piedetennined light pattern and the pattern of MxN 

27 compartments; and 

^ said top electrode beiAg positioned closer to said electrode 

29 thereby fusing said MxN droplets into a continuous liquid phase, while maintainiAg each of 

30 said MxN particle arrays in one of the corresponding MxN compartments. 

1 62. An optical lens array inchiding particles suspended at an interface 

2 between an electrode and an electrolyte solution, said lens array comprising: 

an electrode and an electrolyte sohition having an intwfece 



6 
7 
8 



a phoality of particles located in said electrolyte sohition; 
said electrode beiog patterned to inchide at least one area of 



3 

4 therdietween; 
5 
6 

7 modified "wp^i^fanpf- and 

8 an electric field generator which generates an electric field at 

9 said interface to cause said particles to assemble into an ordered array within said 

10 modified impedaax. 

1 63. A method for forming a diffraction grating using particles suspended 

2 interface between an electrode and an electrolyte sota^^^ 

3 following steps: 

* providing an electrode and an electrolyte sohition having an 

5 interface therebetween; 

providing a ptairality of particles located in said electrolyte 
solution, said particles inchidiog large particles and smaU particles: 

pattermng said electrode to include at least one area of modified 
9 impedance; and 

generating an electric field at said interface to cause said large 

11 «ndsmaM particles ID assemble into an array, said smaU particles bei^ 
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12 large particles to create a large particle separation distance corresponding substantially to the 

13 size of said small particles, said large particle sq>aration distance also determining the spatial 

14 frequeiu^ diaracteristics of said diffiraction grating, said frequency characteristics being 

15 adjustable in dependence on the size of said small particles. 



1 64. A method for forming an optical display using particles suspended at 

2 an interface between an electrolyte solution and an electrode, said method comprising the 

3 following steps: 

4 providing an electrode and an electrolyte solution having an 

5 interface therebetween; 

6 providing a plurality of particles located in said electrolyte 

7 solution, said particles including large particles and small particles; 

8 imtteming said electrode to include at least one area of modified 

9 impedance; 

10 generating an electric field at said interface causing said large 



11 particles to assemble in accordance with the impedance of said patterned electrode, said 

12 electric field generator graerating a time varying electric field causing said small particles 

13 to selectively move under said large particles to form an on-pbcel, and also causing said small 

14 particles to selectively move away from said large particles to form an off-pixel in accoFdam:e 

15 with a selected frequency of said tune varying electric field. 

1 6S. An ^aratus for performing multiple chemical and biochemical 

2 analytical procedures using at least one particle array, said apparatus comprising: 

3 an electrode and an electrolyte solution having an interfoce 

4 therebetween; 

5 an electric field generator which generates an electric field at an 

6 interface between an electrode and an electrolyte solution; 

7 said electrode being patterned to modify the electrochemical 

8 properties of said electrode; 

9 an illuminating source which iUuminates said surface with a 
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10 predetenniiied light pattern to control the movement of said particles in accordance with said 

1 1 predetermined light pattern and the electrochemical inoperties of said electrode; 

^2 means for poforming a first procedure on a portion of said 

13 particles to produce a first reaction set of particles; 

W means for isolating said first reaction set of particles in 

15 accordance with said predetermined light pattern; and 

"leans for performing a second procedure on said first reaction 

17 set of particles to produce a second reaction set of particles. 

1 66. An apparams for manipuiatmg nucleic acid, including DNA or RNA, 

2 said apparahis axnprising: 

3 an electrode, an electrolyte sohidon and an interface 

4 therebetween; 

5 a plurality of nucleic acid molecules in said electiolyte solution, 

6 said nucleic acid molecules being in a coiled configuration; 

7 an electric field generator which generates an electric field at 

8 said mter&ce to cause the movemoit of said particles; and 

9 said elecunde being patterned to include areas of modified 

10 electrochemical properties which m conjunction with said electric field create controlled 

11 gradients in the flow velocity across die nucleic acid, said velocity gradient causing different 

12 portions of the nucleic acid to move at diflerent velocities such fliat the nucleic acid is 

13 stretched in the direction of die local velocity gradient, wherein a stagnation point of zero 

14 velocity is maintained such diat die nucleic acid is substantially fixed in position. 
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